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ADAM17 gehört zur Familie der ADAM (A Disintegrin And Metalloprotease) Metalloproteasen 
und wurde ursprünglich als die verantwortliche Protease identifiziert, welche 
membrangebundenes TNF-α (tumor necrosis factor alpha) via proteolytischer Prozessierung, 
dem sog. ectodomain shedding, in die lösliche Form überführt. ADAM17 ist ein 
Typ I Transmembranprotein und wird ubiquitär in allen Organen exprimiert. Deutliche 
Expression von ADAM17 findet sich unter physiologischen Bedingungen vor allem im Darm.  
Die physiologische Bedeutung von ADAM17 besteht in der irreversiblen proteolytischen 
Regulation von wichtigen Signalwegen wie dem EGFR (epidermal growth factor 
receptor)-Signalweg, wobei ADAM17 für die proteolytische Freisetzung von löslichen ErbB 
(erythroblastosis oncogene B)-Liganden wie Amphiregulin (AREG) verantwortlich ist. 
Lösliche EGFR-Liganden binden an Rezeptoren der ErbB-Rezeptor-Tyrosinkinasefamilie, 
woraufhin sich Homo- oder Heterodimere der ErbB-Rezeptoren bilden, welche durch 
Phosphorylierung aktiviert werden und intrazellulär u.a. Proliferationssignale weiterleiten. Die 
Expression von ADAM17, AREG und EGFR ist in Tumoren erhöht, was sich physiologisch 
durch signifikant verstärkte proteolytische Freisetzung von AREG auf intestinalen 
Epithelzellen äußert. Im Verlauf dieser Arbeit ließ sich dies in vitro bei humanen 
Kolorektalzelllinien, ex vivo in murinen 3D Organoidzellkulturen und in vivo in Gewebelysaten 
und Kolonkulturen von ADAM17-defizienten hypomorphen ADAM17ex/ex Mäusen zeigen. 
Um die pathophysiologische Relevanz von ADAM17 während der Darmkarzinogenese zu 
bestimmen, wurde im Rahmen dieser Arbeit zum einen ein entzündungsbasiertes 
Kolitis-assoziiertes Darmkrebsmodell (CAC; colitis-associated cancer) und zum anderen ein 
genetisch prädispositioniertes Modell mit hypomorphen ApcMin/+ ADAM17ex/ex Mäusen 
etabliert und analysiert. Die Mutation im Adenomatous polyposis coli (Apc) Gen hat eine 
Dysregulation des Wnt-Signalwegs zur Folge, was zur spontanen Entwicklung einer Vielzahl 
intestinaler Neoplasien (Min; multiple intestinal neoplasia) führt. 
Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass die ADAM17-Defizienz im 
CAC Mausmodell zu einer signifikant erhöhten Ausbildung von Karzinomen, assoziiert mit 
verstärkten Entzündungsmerkmalen, im Kolon führt. Bemerkenswerterweise zeigen die 
genetisch prädispositionierten ApcMin/+ Mäuse bei ADAM17-Defizienz eine signifikant 





As a member of the ADAM (A Disintegrin And Metalloproteinase) family of metalloproteases, 
ADAM17 was originally identified as the protease responsible for the ectodomain shedding of 
the membrane-bound precursor of TNF-α (tumor necrosis factor alpha). ADAM17 is a 
type I transmembrane protein and is ubiquitously expressed in all tissues, with high 
expression levels in the intestine.  
One of the physiological roles of ADAM17 is the proteolytic regulation of important pathways 
like the EGFR (epidermal growth factor receptor) pathway. ADAM17 cleaves membrane 
bound ErbB (erythroblastosis oncogene B) ligands such as Amphiregulin (AREG). The 
soluble ligands bind to receptors of the ErbB receptor tyrosine kinase family and trigger 
phosphorylation of both homo- or heterodimers of the ErbB receptors. Phosphorylation of 
ErbB receptors has been shown to activate intracellular signals such as proliferation. 
Expression and activation of ADAM17, AREG and EGFR is highly upregulated during 
tumorigenesis, which leads to increased shedding of AREG on intestinal epithelial cells as 
presented in this thesis. This effect was shown in vitro using human colorectal cancer cells, 
ex vivo in an established 3D murine organoid culture system and in vivo using tissue lysates 
and colon cultures from ADAM17-deficent hypomorphic ADAM17ex/ex mice.  
To identify the pathophysiological relevance of the previous results, the effect of 
ADAM17-deficiency on tumor formation was investigated in vivo in murine colitis-associated 
cancer (CAC) as a model for inflammation-associated colorectal cancer. Further a genetically 
predisposed colorectal cancer model was chosen, whereby ApcMin/+ mice crossbred with 
hypomorphic ADAM17ex/ex mice were generated and evaluated in this work. The mutated 
Adenomatous polyposis coli (Apc) gene results in dysregulation of the Wnt signaling 
pathway, which leads to a spontaneous development of multiple intestinal neoplasia (Min) in 
this mouse model.  
In summary, tumor formation is altered in ADAM17-deficiency CAC mouse model and 
hypomorphic ADAM17ex/ex mice developed higher numbers of carcinoma coupled with 
increased intestinal inflammation. Remarkably, the genetically predisposed ApcMin/+ mice 
deficient for ADAM17 showed a significantly reduced tumor number, diminished cell 
proliferation and low grade dysplasia. 
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CHAPTER ONE: INTRODUCTION 
 
1.1  ANATOMY OF THE INTESTINE  
 
Both the small intestine and large intestine, also known as colon, are parts of the 
gastrointestinal system. The small intestine consists of sections named duodenum, jejunum 
and ileum and is followed by the cecum and colon.  
The intestine has two main functions: First, the intestine is responsible for digestion and 
absorption of nutrients and water. Second, the intestine contains a variety of immune cells 
and plays an important role in the immune system. In order to complete these functions, the 
intestine has a unique structure. Two muscle layers, namely inner circular muscle and outer 
longitudinal muscle layer, shape the outer part of the intestine. These layers are necessary 
for periodic muscle contraction called intestinal peristalsis to move the digestive content 
distally. The two muscle layers are surrounded by irregular connective tissue including 
nerves, blood and lymphatic vessels. The mucosa is located next to the submucosa and 
consists of three sections: muscularis mucosae, lamina propria and intestinal epithelium. The 
muscularis mucosa, a thin muscle layer, separates the submucosa from the mucosa. The 
lamina propria consists of loose connective tissue and harbors a variety of immune cells. To 
form a spatial boundary to the inner intestinal lumen, a single cell layered barrier named 
intestinal epithelium, is placed above the lamina propria. The intestinal epithelium consists of 
different specialized cell types such as enterocytes, goblet cells, enteroendocrine cells, Tuft 
cells and Paneth cells which are characteristic for the small intestine (Fig. 1) (van der Flier 




Fig. 1: Illustration of the small intestine and the colon 
Graphical representation of the small intestine and colon. The small intestine consists of 
crypt-villus-units with specialized epithelial cell types such as goblet cells (pink), Tuft cells (blue), 
enterocytes (orange), enteroendocrine cells (purple), Paneth cells (green) and stem cells (red). The 
lamina propria contain immune cells and is a central part of the villus-unit. Characteristic for the colon 
are a large number of goblet cells, a rare number of Paneth cells and lacking villi structures. 
IEC=intestinal epithelial cells; InMyoFib=intestinal Myofibroblasts; DC=dendritic cell; 
MФ=macrophages. Adapted from (Mowat and Agace, 2014). 
 
The small intestine and colon can be identified by characteristic structures of the mucosa. In 
Fig. 2 a typical crypt-villus-unit of the small intestine is depicted. The mucosa of the small 
intestine forms bulges to increase the intestinal surface area, named villus. This is 
physiological important, because the absorption of nutrients takes place within the small 
intestine. Invagination of the mucosa within the small intestine and the colon are named crypt 
of Lieberkühn, in the following referred to as crypt (Reya and Clevers, 2005). The crypt 
domain harbors the stem cell zone at the bottom and the transit amplifying (TA) compartment 
above, which are physiological important to provide new intestinal epithelial cells (IECs) to 
replenish differentiated IECs along the crypt-villus-unit. The intestinal epithelium in mammals 
is the most regenerative tissue and is renewed every 3-5 days (Brittan and Wright, 2004, 
Radtke and Clevers, 2005, Heath, 1996). It was shown that two types of stem cells, namely 
crypt-based columnar cells and +4 position stem cells, are located at the crypt domain of the 
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intestine (Cheng and Leblond, 1974). Crypt-based columnar cells are active cycling stem 
cells that are highly proliferative and divide daily. Crypt-based columnar cells express the 
marker proteins Lgr5 (Leu-rich repeat-containing G protein-coupled receptor 5) and Ascl2 
(Achaete scute homolog 2) (Li and Clevers, 2010, Barker et al., 2007, van der Flier and 
Clevers, 2009). Position +4 stem cells are located four cells above the crypt bottom and are 
negative for Lgr5, Ascl2 as well as the nuclear proliferation marker Ki-67 and perform only 
few cycling events. These cells are also termed quiescent stem cells and are thought to 
serve as a backup system during severe intestinal epithelial damage (Li and Clevers, 2010, 
Barker et al., 2007, Scoville et al., 2008, van der Flier and Clevers, 2009). Stem cells at the 
crypt bottom divide daily and become new intestinal epithelia cells of the TA compartment, 
while cells of the TA compartment divide nearly four times a day to refill the intestinal 
epithelium before they undergo cell cycle arrest and migrate to the apical crypt site (van der 
Flier and Clevers, 2009, Marshman et al., 2002). Taken together, the crypt domain is 
maintained by multipotent stem cells, is monoclonal and mainly proliferative whereas the 
villus domain is polyclonal due to composition of differentiated cells from multiple crypts 
(Wright, 2000).  
The maintenance of the entire stem cell niche is controlled by Wnt, Notch, ErbB and BMP1 
signaling pathways. The differentiation process of newly arisen IECs into one of the four 
specialized intestinal epithelial cell types is mainly regulated by Wnt and Notch signaling 
(Jones et al., 2015). Absorptive enterocytes are responsible for nutrient and water uptake 
and comprise nearly 80 % of the intestinal epithelium (van der Flier and Clevers, 2009). 
Goblet cells belong to the secretory cell types and appear second most frequent within the 
intestinal epithelium. The main task of goblet cells is to secrete mucins, which are highly 
glycosylated proteins required to build up the mucus layer. The mucus layer protects the 
intestinal epithelium from direct contact with intestinal content and bacteria (McGuckin et al., 
2009). The second group of secretory cells within the small intestine and colon are the 
enteroendocrine cells, which secrete peptide hormones to regulate intestinal peristalsis and 
secretion of digestive juice (Clevers, 2013). During differentiation, enterocytes, goblet cells 
and enteroendocrine cells move towards the tip of the villus domain before they undergo 
anoikis, a special kind of cell death induced by detachment from the basal membrane 
(Gilmore, 2005, Reya and Clevers, 2005). Paneth cells complete the group of secretory cells 
within the small intestine. This cell type secretes antimicrobial peptides and defensins to 
control the physiological bacterial load in the intestinal lumen. After differentiation, Paneth 
cells migrate towards the crypt bottom where they are located within the small intestine 




Fig. 2: Illustration of the crypt-villus-unit.  
Model of the cell arrangement within the crypt-villus-unit. The stem cell zone including Paneth cells is 
located at the crypt bottom. In the crypt domain, the +4 position stem cells and their progeny cells are 
located in the transit amplifying (TA) compartment. The cell proliferation in the crypt domain is 
regulated by a gradient of Wnt, Notch and BMP1 signaling. The differentiation of intestinal epithelial 
cells takes place in the villus domain.  
 
The barrier integrity of the intestinal epithelium is physiologically important, because it 
prevents a direct contact of intestinal content and commensal bacteria with the immune cells 
from the lamina propria. If the barrier is disturbed, intestinal immune homeostasis is impaired 
by direct contact and crosstalk of lamina propria immune cells and immune reactive intestinal 
content. This leads to inflammatory responses and is well described in patients who suffers 
from inflammatory bowel diseases (IBD) like Crohn´s disease (CD) or Ulcerative colitis (UC) 
(McGuckin et al., 2009, Roda et al., 2010). This may result in chronic inflammation of the 
intestine and predisposition of colon cancer development (Itzkowitz and Yio, 2004, Itzkowitz 
and Harpaz, 2004).  
  
1.2  VOGELSTEIN-MODEL OF COLORECTAL CARCINOGENESIS 
  
According to the world health organization, colorectal cancer is one of the most commonly 
diagnosed cancers and a leading cause of cancer-related death in both men and women. 
The number of colorectal cancer-related cases of death could be diminished by extended 
knowledge about colorectal cancer initiation, progression, treatment and prevention. 
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Tumorigenesis is characterized by uncontrolled cell proliferation and tumor formation. 
Colorectal cancer in humans can develop very slowly over 10 to 20 years. Colon cancer 
progression comprises several well described steps accompanied by defined genetic 
mutations and is until now known as “adenoma to carcinoma sequence” (Fearon and 
Vogelstein, 1990). 
In accordance with the model of colorectal carcinogenesis proposed by Fearon and 
Vogelstein in 1990, accumulation of certain driver mutations in proto-oncogenes or tumor 
suppressor genes are necessary to support the transformation from healthy tissue with 
normal differentiated intestinal epithelial cells towards tumor tissue with undifferentiated 
intestinal epithelial cells and potentially metastasizing cells (Fig. 3). Mutations which lead to 
activation of KRAS (Kirsten rat sarcoma viral oncogene homolog), inactivation of APC 
(Adenomatous polyposis coli), DCC (Deleted in colorectal cancer) or P53 are termed driver 
mutations because they drive tumor progression and tumor unresponsiveness to apoptosis 
or cell cycle regulation forward. An accumulation of driver mutations was shown to enhance 
polyp growth, malignancy and finally metastasis in intestinal tissue (Yamada and Mori, 2006, 
Vogelstein and Kinzler, 1993). 
 
 
Fig. 3: The Vogelstein adenoma to carcinoma sequence.  
The outline of the adenoma to carcinoma sequence shows the development from normal colon tissue 
to benign polyps and dysplasia up to malignant adenocarcinoma and invasive cancer by accumulation 
of certain mutations. Adapted from (Fearon and Vogelstein, 1990). 
 
While tumor initiation is mostly induced by mutations within the Wnt signaling pathway, tumor 
progression, tumor invasion and tumor metastasis are mainly related to mutations of KRAS, 
DCC and P53. The first key event during colon cancer development is the loss of function of 
the tumor suppressor gene APC which is an important modulator within the Wnt pathway. 
The loss of APC and dysregulation of the Wnt pathway leads to alterations in the balance 
between proliferation and apoptosis resulting in hyperproliferation and the formation of 
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adenomatous polyps in the intestinal epithelium (van de Wetering et al., 2002). Gain of 
function mutations of the KRAS proto-oncogene promote cell survival of intestinal epithelial 
cells due to constitutive activated downstream signaling (Bos, 1989). Moreover, mutations in 
the tumor suppressor genes DCC and P53 lead additionally to an imbalanced interplay 
between proliferation and apoptosis which results in the progression of colon cancer into a 
malignant phenotype (Fearon and Vogelstein, 1990, May and May, 1999, Fearon et al., 
1990).  
Although colon cancer is very heterogeneous, colon cancer development is similar in mice, 
rats and humans. It was shown in murine models and human clinical data that c-Myc plays a 
key role in colon cancer development by linking Wnt-dependent and Wnt-independent 
pathways (Hanada et al., 2006, Rigby et al., 2007, Sansom et al., 2007, Kaiser et al., 2007, 
Amos-Landgraf et al., 2007). EGFR is overexpressed in 60-80 % of colorectal cancers and is 
associated with bad prognosis and shortened survival rate (Zlobec et al., 2007). 
 
1.3  WNT SIGNALING PATHWAY AND APC 
 
It is well established that the Wnt pathway is involved in cell differentiation and proliferation 
and subsequently in the development and tissue homeostasis of the intestine as well as in 
the development of colon cancer (Arias et al., 1999, Funayama et al., 1995, Polakis, 2000, 
Willert and Nusse, 1998).  
The physiological proliferation of intestinal epithelial cells and the proper differentiation of 
specialized intestinal epithelial cell types along the crypt-villus-unit depend on correctly 
regulated Wnt signaling. Beyond that, precise Wnt signaling is necessary to maintain the 
intestinal stem cell niche (Fevr et al., 2007, Korinek et al., 1998, Batlle et al., 2002). 
If the canonical Wnt pathway is inactive, a regulatory multiprotein complex, called destruction 
complex, containing the scaffolding proteins APC (adenomatous polyposis coli) and 
Axin-2/Conduction, the kinase GSK3ß (glycogen synthase kinase 3 beta) and the 
serine/threonine casein kinase 1 alpha (CK1α) is formed and bound to ß-Catenin in the 
cytoplasm (Kimelman and Xu, 2006). Consequently, ß-Catenin becomes N-terminally 
phosphorylated by GSK3ß and CK1α leading to ubiquitinylation and finally to proteasomal 
degradation of ß-Catenin (Bienz and Clevers, 2000). This Wnt ligand absent state is 
characterized by a low amount of ß-Catenin in the cytoplasm and a gene expression 




Fig. 4: Outline of the Wnt signaling pathway.  
Outline of the canonical Wnt signaling pathway. (A) In absence of the Wnt ligand, cytosolic ß-Catenin 
is bound by a multiprotein destruction complex that includes APC, Axin-2, GSK3ß and CK1α. 
ß-Catenin becomes phosphorylated, ubiquitinylated and degraded by the proteasome. (B) In the 
presence of the Wnt ligand, Dsh and APC are recruited to the cell membrane. The multiprotein 
destruction complex is restructured and is not able to bind ß-Catenin anymore. Thereupon, ß-Catenin 
accumulates in they cytoplasm, translocates to the nucleus and activates Wnt-dependent target 
genes. (C) Truncation or loss of APC impede the formation of the destruction complex on which 
ß-Catenin accumulates in the cytoplasm. Although the Wnt ligand is absent, a constitutive active Wnt 
signal is mimicked and Wnt-dependent target genes are expressed.  
 
In the presence of Wnt ligands, a receptor complex consisting of the seven-transmembrane 
receptor Frizzled (Frz) and the LRP5/6 (low-density lipoprotein receptor-related protein 5/6) 
coreceptor is activated. This leads to relocalization of the proteins Dishevelled (Dsh) and 
Axin-2 to the receptor complex at the cell membrane and further to a restructuring of the 
destruction complex. Due to the restructuration of the destruction complex, GSK3ß and 
CK1α lose their ability to phosphorylate ß-Catenin to target it for proteasomal degradation 
(Lee et al., 1999). Thus, ß-Catenin accumulates in the cytoplasm and translocates to the 
nucleus where it forms heterodimers with transcription factors from the T cell factor (TCF)/ 
lymphocyte-enhancer factor (LEF) family (Clevers, 2006, Morin et al., 1997, Ben-Ze'ev and 
Geiger, 1998) (Fig. 4B). This leads to a changed gene expression signature with downstream 













c-Myc (He et al., 1998) 
MMP7 (Brabletz et al., 1999) 
Axin-2 (Yan et al., 2001) 
Survivin (Zhang et al., 2001) 
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Sox17 (Du et al., 2009) 






c-Myc (Kiuchi et al., 1999) 
Cyclin-D1 (Leslie et al., 2006) 
TGF-ß (Kinjyo et al., 2006) 
TNF-α (Chappell et al., 2000) 
Survivin (Gritsko et al., 2006) 
HGF (Hung and Elliott, 2001) 
IL-6 (Wang et al., 2004) 
Bcl-2 (Choi and Han, 2012) 
MMP2 (Xie et al., 2004) 
MMP9 (Song et al., 2008) 
  
 
Alongside the crypt-villus-unit of the intestinal epithelium, a gradient Wnt signaling occurs. 
Near the crypt bottom, Wnt signaling is highest and decreases along the crypt-villus-unit to 
the villus tip. This effect is revealed by ß-Catenin translocation from nucleus to cytoplasm 
and decreased Wnt target gene expression in IECs during migration along the 
crypt-villus-unit (Scoville et al., 2008).  
Based on the influence of ß-Catenin target genes on differentiation and proliferation within 
the intestinal epithelium, it is obvious that a dysregulation of the Wnt signaling pathway has 
serious consequences for intestinal homeostasis and carcinogenesis. In fact, mutations 
leading to constitutive activation of the Wnt signaling pathway frequently affect APC. 
 
APC TUMOR SUPPRESSOR GENE 
APC (adenomatous polyposis coli) plays an important role during Wnt signaling, because 
APC inhibits mitosis by indirectly mediating proteasomal degradation of cytoplasmic 
ß-Catenin (Näthke, 2004). If APC is mutated and fails to build up the destruction complex for 
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proteasomal ß-Catenin degradation, ß-Catenin levels increase within the cytoplasm and 
nucleus. This in turn leads to dysregulated Wnt target gene expression and enhanced cell 
proliferation (Fig. 4C). 
Most tissue alterations begin with enhanced cell proliferation due to DNA alterations followed 
by formation of adenomatous polyps caused by mutations in the tumor suppressor gene 
APC. The aberrant crypt foci (ACF) are characterized by elevated levels of ß-Catenin in both, 
the nucleus and cytoplasm, and during chromosomal degradation during mitosis (Yamada et 
al., 2002, Fodde et al., 2001a, Powell et al., 1992). APC is involved in the Wnt pathway by 
regulation of the ß-Catenin levels and plays a role in cell adhesion, migration and apoptosis 
(Su et al., 1992, Fodde et al., 2001b). In addition to dysregulated mitosis, the proliferative 
zone of intestinal epithelial cells is enlarged, migration along the crypt-villus-unit is retarded 
and cell differentiation diminished (Fodde et al., 2001b, Sansom et al., 2004).  
Cancer-related APC mutations usually lead to truncated APC proteins which are incapable to 
bind ß-Catenin in the regulatory complex composed of APC, Axin-2, GSK3ß and CK1α 
(Fodde, 2002). The majority of colon cancers are accompanied by mutations in the APC 
gene which is located on chromosome 5q21 (Fodde, 2002, Heyer et al., 1999). Lost portions 
of chromosome 5q21 were found in hereditary colon cancer, such as familial adenomatous 
polyposis (FAP) and spontaneous colon cancer (Kinzler 1991). FAP originates from germline 
mutation in one APC allele followed by spontaneous mutation of the wildtype allele later in 
life. Somatic mutations where both APC alleles are eliminated lead to sporadic colon cancer.  
Mutations within the APC gene occur frequently with 80-95 % in hereditary cancers such as 
spontaneous intestinal cancer and familial adenomatous polyposis (FAP) (Laken et al., 
1999). In humans, a mutation within the APC gene results predominantly in colonic polyps. In 
the murine system, approximately 10 to 100 neoplasia occur within the small intestine while 
in the colon only a low number of polyps occur (Groden et al., 1991). 
The classification of APC as a tumor suppressor gene was established when genetically 
engineered mice carrying a mutated Apc allele or mice depleted of Apc developed 






Tab. 2: Selection of genetically engineered Apc mice. 
Mouse strain APC modification Reference 
Apc∆474/+ 
Neomycin insertion in exon 9, duplication of 
exon 7, 8, 9, 10 and frameshift at codon 474 
(Sasai et al., 2000) 
Apc∆14 Frameshift at codon 580 (Colnot et al., 2004) 
Apc580D 
Exon 14 flanked by loxp sites, adenovirus cre 
exposure and frameshift at codon 580 
(Shibata et al., 1997) 
Apc∆716/+ 
Neomycin insertion in exon 15 and protein 
truncation at codon 716 
(Oshima et al., 1995) 
ApcMin/+ Protein truncation at codon 850 (Moser et al., 1990) 
Apc1309/+ Frameshift at codon 1309 (Quesada et al., 1998) 
Apc1638N/+ 
Antisense Neomycin insertion in exon 15 and 
protein truncation at codon 1638 
(Fodde et al., 1994) 
Apc∆14/+ Exon 14 flanked by loxp sites (Shibata et al., 1997) 
Apc∆15/+ Exon 15 flanked by loxp sites 
(Robanus-Maandag et 
al., 2010) 
Apctm1Tyj Exon 1-15 flanked by loxp sites (Cheung et al., 2009) 
 
Of the many commercially available mouse models with different Apc mutations, the 
ApcMin/+ mouse is the most frequently used model to study spontaneous colon cancer 
development (Tab. 2).  
 
1.4  EGFR SIGNALING PATHWAY AND AMPHIREGULIN 
 
ErbB RECEPTOR FAMILY 
In 1962, a growth factor was discovered and named by its effect: epidermal growth factor 
(EGF). A few years later the corresponding receptor, namely epidermal growth factor 
receptor (EGFR), was determined and represented the first identified receptor tyrosine 
kinase (Cohen, 1962, King et al., 1980). Sequencing of the complete human receptor 
revealed high homology to the avian erythroblastosis virus v-erbB oncogene and is therefore 
also called ErbB (Ullrich et al., 1984, Downward et al., 1984). 
EGFR (also known as ErbB1) is a member of the membrane spanning ErbB (erythroblastosis 
oncogene B) receptor tyrosine kinase (RTK) family (Fig. 5), which also includes ErbB2 (also 
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known as HER2/Neu), ErbB3 (also known as HER3) and ErbB4 (also known as HER4). The 
EGFR signaling pathway is complex and responsible for a variety of cellular signals such as 
proliferation, migration, adhesion, survival and differentiation (Yarden and Sliwkowski, 2001, 
Zaczek et al., 2005). 
All four members of the receptor tyrosine kinase family are transmembrane proteins with a 
basic structure containing an extracellular domain including ligand-binding regions and 
cysteine-rich regions, a single membrane-spanning transmembrane domain and an 
intracellular domain with an intrinsic tyrosine kinase domain as well as several tyrosine 
residues (Olayioye et al., 2000, Ullrich et al., 1984). Dimerization and phosphorylation of the 
involved receptors of the ErbB receptor family are essential for signal transduction. Upon 
ligand binding, ErbB receptors form dimers, either homo- or heterodimers, which triggers 
activation of the intrinsic tyrosine kinase activity and triggers trans-phosphorylation of 
tyrosine residues throughout the intracellular C-terminal region of the receptors (Weiss and 
Schlessinger, 1998, Hubbard et al., 1998). 
Each ErbB receptor shows a distinct phosphorylation pattern on different tyrosine (Y) 
residues which serves as binding sites for specific adapter proteins containing SH2 (Src 
Homology 2) or PTB (phosphotyrosine binding) domains to forward intracellular signals 
(Pawson and Gish, 1992). The EGFR contain specific tyrosine residues in the kinase domain 
and tyrosine sites which are identified as autophosphorylation sites within the C-terminal 
domain (Y992, Y1045, Y1068, Y1086, Y1101; Y1148 and Y1193). These phosphorylated 
tyrosine residues provide docking sites for specific adaptor proteins such as PLC-gamma 
(phospholipase c gamma) via its SH2 domain to Y992 or Y1173 and GRB2 (growth factor 
receptor-bound protein 2) via its SH2 domain to Y1068 or Y1086, to induce different 
downstream signaling events (Jorissen et al., 2003, Olayioye et al., 2000, Batzer et al., 1994, 
Rotin et al., 1992). 
However, the ErbB3 receptor is an exception since it lacks tyrosine kinase activity. As a 
consequence, the ErbB3 receptor has to form a heterodimer with one of the other ErbB 
receptor tyrosine kinase family members to forward signal transduction (Guy et al., 1994, 
Plowman et al., 1990b). 
 
ErbB DOWNSTREAM SIGNALING 
To ensure that extracellular signals are correctly transferred into downstream signals, 
intracellular adapter proteins bound to the phosphorylated ErbB receptors are important key 
players for signal transduction. Due to the individual C-terminal tyrosine phosphorylation 
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patterns of each ErbB receptor family member and the resulting distinct adapter protein 
binding, the number of activated downstream pathways is extensive.  
One of the most crucial downstream pathways in the ErbB signaling network is the 
RAS-RAF-MEK-MAPK pathway. Phosphorylated tyrosine residues of the EGFR recruit 
adapter proteins like GRB2, which can either interact directly with EGFR at Y1086 and 
Y1068 or indirectly via Y1173 through the adapter molecule Shc. GRB2 in turn, binds to SOS 
(son of sevenless), a guanosine nucleotide exchange factor, to activate RAS by exchange of 
GDP with GTP. Activated RAS then activates the serine/threonine protein kinase RAF. The 
following mitogen-activated protein kinase (MAPK) pathway, accompanied by a highly 
conserved downstream kinase cascade and activation of nuclear transcription factors, is 
involved in cell proliferation, in particular the shift from G1 to S phase during cell cycle 
progression (Marshall, 1994, Suhardja and Hoffman, 2003). 
Additional downstream pathways after ErbB activation are PI3K/AKT signaling and STAT 
signaling as well as indirect crosstalk with G-protein coupled receptors (GPCR) (Olayioye et 
al., 2000). 
Upon activation of GPCRs an intracellular signaling cascade through kinases like PKC 
(protein kinase C) or ions like Ca2+ lead to ADAM (A Disintegrin And Metalloproteinase) 
protease activation. This in turn leads to enhanced cleavage of membrane bound EGFR 
ligands by ADAM proteases, also known as ectodomain shedding, and thereupon to 
increased EGFR signaling (Ohtsu et al., 2006, Prenzel et al., 1999). 
Moreover, phosphorylated EGFR can interact either directly with signal transducers and 
activators of transcription (STAT) proteins through their SH2 domain or indirectly through 
SRC proteins (David et al., 1996). The STAT family is comprised of seven members, 
whereby only selected STAT proteins are related to cancer, for instance STAT3 and 
STAT5a/b. The STAT pathway can either be activated by cytokine signaling mediated 
through Janus kinases (JAK) or via EGFR signaling independent of Janus kinases (Andl et 
al., 2004, Darnell et al., 1994). It is known that Amphiregulin-dependent activation of the 
EGFR signaling pathway leads to induction of STAT1, STAT3 and STAT5, whereby 
Amphiregulin activates STAT signaling independent of JAKs (David et al., 1996). Thereby, 
EGFR activation leads to STAT phosphorylation and dimerization followed by translocation to 
the nucleus to activate transcription of target genes which are involved in proliferation, cell 
cycle progression and angiogenesis. Further, STAT3 contributes to intestinal epithelial cell 
survival and regeneration (Grivennikov et al., 2009). Due to these effects, dysregulated 
STAT signaling contributes to tumor development in cancer-related cells (Silva, 2004).  
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The phosphatidylinositol 3 kinase (PI3K)/ AKT signaling pathway is also activated by ErbB3 
or ErbB4 upstream signaling. Upon ligand binding and phosphorylation of ErbB3 or ErbB4, 
the PI3K regulatory subunit p85α interacts with various phosphorylated tyrosine residues of 
the ErbB receptors via its SH2 domain. The regulatory subunit p85α exists in a heterodimer 
formation with the PI3K catalytic subunit p110α which is crucial for AKT (also known as 
protein kinase B) recruitment mediated by PIP3 (phosphatidylinositol-3,4,5-triphosphate) 
production. Activated AKT enhances cell survival through inhibition of the pro-apoptotic 
proteins BAD and Caspase-9 (Stover et al., 1995, Franke et al., 1997, Datta et al., 1997). 
Enhanced cell survival and prevention of apoptosis mediated by ErbB downstream pathways 
due to upregulation of anti-apoptotic proteins (e.g. BCL-2) or downregulation of pro-apoptotic 
proteins (e.g. BAK, BAD and BAX) to block cytochrome c release are the main challenges of 
clinical chemotherapy and radiation during cancer treatment (Danielsen and Maihle, 2002). 
Two types of inhibitors are available for therapeutical approaches against EGFR-related 
cancers: antibodies (e.g. Cetuximab, Trastuzumab, Panitumumab) or small molecule 
tyrosine kinase inhibitors (e.g. Lapatinib, Gefitinib, Erlotinib) (Arteaga and Engelman, 2014). 
The characteristics of EGFR as a proto-oncogene are underlined by its role in regular 
development and homeostasis together with fatal effects in alterations of EGFR signaling. 
The homeostasis of EGFR signaling pathways is crucial for physiological functions and 
developmental processes because ErbB receptors are broadly expressed in several tissues. 
Indeed, the importance of the EGFR signaling pathway was shown in vivo by using 
genetically modified mice with null mutations of each individual ErbB receptor. The complete 
knockout of EGFR leads to placental defects, organ malformation and pre- or perinatal 
lethality (Threadgill et al., 1995, Sibilia and Wagner, 1995, Miettinen et al., 1995). Loss of 
ErbB2 in all tissues resulted in abnormal heart development and embryonic lethality (Lee et 
al., 1995). Equally, knockout mice for ErbB3 or ErbB4 were embryonically lethal due to heart 
malformation and neuronal defects (Gassmann et al., 1995, Erickson et al., 1997). The 
generation of several conditional ErbB knockout mice allows to investigate the role of EGFR 
signaling in vivo.  
ErbB mutations, overexpression or enhanced ErbB ligand expression and release is often 
associated with various types of cancer because dysregulated EGFR pathways can trigger 
self-sufficient proliferation and survival by evading apoptosis thereby supporting cancer cells 





Fig. 5: Overview of the ErbB receptor family and corresponding ErbB ligands.  
Depiction of the ErbB ligand binding specificity to the ErbB receptor tyrosine kinase family divided into 
four groups. Transforming growth factor-alpha (TGF-α), Epidermal growth factor (EGF) and 
Amphiregulin (AREG) bind to EGFR (also known as ErbB1). Epiregulin (EREG), Epigen (EPG), 
Heparin-binding epidermal growth factor (HB-EGF) and Betacellulin (BTC) bind to EGFR (also known 
as ErbB1) and ErbB4. Neuregulin-1 (NRG-1) and Neuregulin-2 (NRG-2) bind to ErbB3 and ErbB4. 
Neuregulin-3 (NRG-3) and Neuregulin-4 (NRG-4) bind to ErbB4. Adapted from (Olayioye et al., 2000). 
 
ErbB LIGANDS 
Various ligands have been identified to activate the different ErbB receptors, however, ErbB2 
remains an orphan receptor without any recognized ligands (Zaczek et al., 2005). The 
conformation of the ErbB2 receptor resembles a ligand-activated state which makes it the 
prevalent dimerization partner for other ErbB family members (Graus-Porta et al., 1997, 
Garrett et al., 2003). 
As depicted in Fig. 5, ErbB ligands belonging to the EGF-like ligands namely Epidermal 
growth factor (EGF), Amphiregulin (AREG) and Transforming growth factor-alpha (TGF-α) 
bind to EGFR. Subsequently Betacellulin (BTC), Epiregulin (EREG), Epigen (EPG) and 
Heparin-binding epidermal growth factor (HB-EGF) also bind to EGFR and further to ErbB4. 
The receptors ErbB3 and ErbB4 are activated by binding Neuregulins (NRG) as ErbB 
ligands. In this particular case, Neuregulin-1 (NRG-1) and Neuregulin-2 (NRG-2) bind to 
ErbB3 and ErbB4, but Neuregulin-3 (NRG-3) and Neuregulin-4 (NRG-4) only bind to ErbB4 
(Riese and Stern, 1998, Zhang et al., 1997, Harari et al., 1999, Harris et al., 2003).  
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All EGF-like ligands have an EGF-like domain in their extracellular region, which includes six 
conserved cysteine residues to form three intramolecular disulfide bonds and which is 
essential to bind to ErbB receptors (Guy et al., 1994, Harris et al., 2003). EGF itself harbors 
nine EGF-like domains, whereas the other EGF-like ligands contain only one single EGF-like 
domain (Singh and Coffey, 2014). EGF-like ligands are type I transmembrane proteins, 
which are shed by ADAM proteases to convert from membrane bound to mature soluble 
ErbB receptor binding forms (Blobel, 2005, Singh and Coffey, 2014).  
Three well-known mechanisms for ErbB receptor and ErbB ligand interaction are described: 
autocrine, paracrine and juxtacrine (Singh and Coffey, 2014). If a soluble ErbB ligand 
stimulates the ErbB receptor on the cell which it produced, it is named autocrine signaling. 
Paracrine signaling occurs when the soluble ErbB ligand is shed from a cell independent of 
the cell of which it activates the ErbB receptor. Whenever a membrane bound ErbB ligand 
interacts with an ErbB receptor from a nearby cell, it is referred to as juxtacrine signaling. 
However, recently a novel mechanism for ErbB receptor and ErbB ligand interaction was 
discovered in vitro: Exosomal targeted receptor activation (ExTRAcrine). During ExTRAcrine 
signaling ErbB ligands are packed and released by exosomes. The advantage of exosomally 
packed ErbB ligands are prolonged activity at local or distant sites and protection from 
degradation (Higginbotham et al., 2011). 
 
AMPHIREGULIN 
In 1988, Amphiregulin was discovered as an EGFR ligand in a human breast adenocarinoma 
cell line after phorbol 12-myristate 13-acetate (PMA) treatment (Shoyab et al., 1988). 
Amphiregulin precursor proteins are synthesized as type I transmembrane proteins, undergo 
posttranslational modifications such as glycosylation and are finally proteolytically processed 
on the cell surface (Brown et al., 1998). Mature Amphiregulin contains a heparin-binding 
domain proximal to the EGF-like domain through which can interact with heparin sulfate 
proteoglycan to trigger Amphiregulin-induced EGFR activation (Brown et al., 1998, Johnson 
and Wong, 1994).  
Amphiregulin is a widely expressed protein and can be detected in pancreas, heart, ovarian, 
testis, placenta, spleen, colon, lung and kidney (Stern, 2003, Plowman et al., 1990a). During 
developmental processes in mice, Amphiregulin plays an important role in mammary gland 
formation and ductal elongation (Luetteke et al., 1999). Expression levels of Amphiregulin in 
healthy intestinal tissue are moderate. In colon cancer, however, Amphiregulin is 
overexpressed (Cook et al., 1992).  
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It was shown in polarizing human colorectal cancer cells such as HCA-7 or Caco2 that 
Amphiregulin is the most highly expressed EGFR ligand on the basolateral cell surface 
(Brown et al., 1998). In these cells, Amphiregulin is transported to the basolateral surface 
where it is processed via ectodomain shedding. Proteolytic processing is catalyzed by 
ADAM17 and is an essential step to release Amphiregulin as soluble EGFR ligand to induce 
EGFR activation (Singh and Coffey, 2014). Kenny and Bissell showed that ADAM17 
inhibition blocks Amphiregulin-induced EGFR activation (Kenny and Bissell, 2007). 
When Amphiregulin binds to the EGFR, a mitogenic signal is induced (Wong et al., 1999). 
Further it was shown that Amphiregulin-induced EGFR activation increases MMP2 and -9, 
whereby the extracellular matrix was altered to promote cell invasion (Kondapaka et al., 
1997). 
 
1.5  PROTEOLYSIS AND ADAM17 
 
Physiological processes such as homeostasis and development as well as 
pathophysiological processes like inflammation and cancer are often regulated by proteolytic 
enzymes. So far, 567 human proteolytic enzymes are identified and categorized into groups 
related to their catalytically active site: metallo-, threonine-, serine-, cysteine- and aspartic 
proteases (López-Otín and Matrisian, 2007). These groups are divided in several subgroups 
such as the metzincin superfamily of metalloproteinases. This metzincin superfamily includes 
i.a. the adamlysin subfamily which in turn contains SVMPs (Snake Venom Metalloproteases), 
ADAMTSs (A Disintegrin and Metalloproteinases with thrombospondin motifs) and ADAMs 
(A Disintegrin and Metalloproteinases) (Rivera et al., 2010, Stöcker et al., 1995, Edwards et 
al., 2008). 
ADAM proteases belong to multidomain type I transmembrane proteins and are involved in 
ectodomain shedding, during which extracellular parts of membrane bound proteins are 
cleaved and released into the extracellular environment (Jones et al., 2015). In contrast to 
other posttranslational modifications such as phosphorylation and proteolysis, ectodomain 
shedding is a completely irreversible mechanism and serve as a key regulator of signal 
transduction (Blobel, 2005, Reiss and Saftig, 2009). Here, shed proteins interact in their 
soluble form via autocrine or paracrine signaling with a variety of receptors (Hooper et al., 
1997). So far, 21 human ADAM proteases have been identified, but only 13 ADAM proteins 
are proteolytic active enzymes. The proteolytic inactive enzymes evolutionary lack the zinc 
ion binding site (Rivera et al., 2010). The best characterized members of the ADAM 
proteases are the closely related ADAMs ADAM17 and ADAM10. Some studies revealed 
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redundant and compensatory mechanisms between ADAM10 and ADAM17 (Folgosa et al., 
2013).  
 
ADAM17 (A DISINTEGRIN AND METALLOPROTEINASE) 
Like all ADAM proteases ADAM17 is expressed as zymogen with an N-terminal signal 
sequence, an extracellular domain, a transmembrane domain, and an intracellular domain. 
The extracellular domain of ADAM proteases contains a regulatory prodomain, a catalytic 
domain, a disintegrin domain, an EGF-like domain and a cysteine-rich domain. ADAM17 
harbors an additional membrane-proximal domain (MPD) which plays a role in substrate 
recognition (Takeda, 2009, Lorenzen et al., 2012). The catalytic domain contains a 
conserved histidine motif (HEXXHXXGXXH) for correct coordination of a zinc ion within the 
catalytic center (Roghani et al., 1999). To gain full activity, the prodomain of immature ADAM 
proteases has to be removed first. For ADAM17, this maturation occurs during the secretory 
pathway in the Golgi complex by furin-like convertases (Endres et al., 2003). It was 
described that the prodomain acts as a chaperon and contributes to accurate protein folding 
of ADAM proteases (Roghani et al., 1999).  
ADAM17 was discovered as the enzyme that cleaves membrane bound TNF-α and that is 
why ADAM17 is also named Tumor Necrosis Factor (TNF) alpha converting enzyme (TACE) 
(Moss et al., 1997, Black et al., 1997). Apart from this, ADAM17 is involved in the proteolytic 
processing of numerous type I and type II transmembrane proteins. Amongst ADAM17 
substrates are cytokines, cell adhesion molecules, receptors, growth factors like TNF-α and 
both of its receptors TNFRI and TNFRII, as well as the membrane bound ErbB ligands 
TGF-α, HB-EGF, Epigen and Amphiregulin (Peschon et al., 1998, Hinkle et al., 2004, Sahin 




Fig. 6: Outline of the ADAM17-mediated ectodomain shedding of Amphiregulin.  
ADAM17 (A Disintegrin And Metalloproteinase) localized on the cell surface is able to convert the 
membrane bound precursor form of Amphiregulin (AREG) via ectodomain shedding into a mature 
soluble form. Soluble AREG binds as a ligand to the EGFR (epidermal growth factor receptor; also 
known as ErbB1) which leads upon activation and phosphorylation of the receptor to several 
downstream signals which support cell proliferation. 
 
As a consequence of this broad substrate spectrum, ADAM17 is involved in different 
physiological and pathophysiological processes such as regeneration, immune response, 
inflammation and cancer. The regulation of the TNF signaling pathway due to 
ADAM17-mediated shedding of TNF-α, TNFRI and TNFRII is a model example for the dual 
role of ADAM17 in pro- and anti-inflammatory responses. On the one hand, ADAM17 can 
activate the TNF signaling pathway by shedding the ligand TNF-α. On the other hand, 
ADAM17 is able to diminish TNF signaling by shedding TNF receptors, which then become 
soluble and bind TNF-α thereby blocking its activity (Scheller et al., 2011). 
The important role of ADAM17 becomes apparent in in vivo studies, because ADAM17 is 
ubiquitously expressed and a deletion of ADAM17 in mice leads to severe phenotypes such 
as heart defects, epithelial abnormalities, hair defects, open eyelids, defects in mammary 
gland development and perinatal lethality (Black et al., 1997, Peschon et al., 1998). The 
broad substrate spectrum of ADAM17 is supported by the comparison of ADAM17-/- knockout 
mice with EGFR-/- knockout mice as well as HB-EGF-/- knockout mice, TGF-α-/- knockout mice 
and AREG-/- knockout mice because all these mice have severe developmental defects with 
similar epithelial structure impairments (Peschon et al., 1998, Jackson et al., 2003, Luetteke 
et al., 1999). Combined studies of ADAM17-deficient mice and hypomorphic EGFR mice 
confirm that ADAM17 acts as an upstream regulator of EGFR signaling via ectodomain 
shedding of EGFR ligands (Blobel et al., 2009, Sunnarborg et al., 2002). Moreover, a dextran 
sodium sulfate (dextran)-induced colonic inflammation mouse model showed that ADAM17 
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activity is essential for TGF-α shedding to induce EGFR signaling for anti-inflammatory 
response to heal colonic inflammation (Chalaris et al., 2010, Brandl et al., 2010). 
To study ADAM17 in vivo, several conditional knockout mice were generated. The 
hypomorphic ADAM17ex/ex mice from Chalaris et al. are particularly important due to 
drastically reduced ADAM17 protein expression in all tissues accompanied by impaired 
shedding of ADAM17 substrates while ADAM17 residual activity is sufficient to generate 
viable mice (Chalaris et al., 2010). 
The regulation of ADAM17 activity takes place during transcription or by posttranslational 
modifications such as the removal of the inhibitory prodomain or phosphorylation (Scheller et 
al., 2011, Schlondorff et al., 2000). Two amino acids (T735 and S974) within the intracellular 
domain of ADAM17 are involved in regulation due to novel interaction partners, namely 
Polo-like kinase 2 (PLK2) and inactive rhomboid protease 2 (iRhom2). This protein-protein 
modification and interaction accomplish different functions in ADAM17 biology. The inactive 
rhomboid protease 2 has a promoting effect on ADAM17 maturation by iRhom2-mediated 
transportation during the secretory pathway. Whereas PLK2-mediated phosphorylation 
contributes to ADAM17 activity on the cell surface (Yoda et al., 2013, Soond et al., 2005, 
Schwarz et al., 2014, Adrain et al., 2012). Endogenous inhibition of ADAMs is mediated by 
tissue inhibitor of metalloproteinases (TIMPs) and TIMP3 is a natural ADAM17 inhibitor 
(Brew and Nagase, 2010, Khokha et al., 2013). The development of synthetic ADAM 
inhibitors is limited because of low specificity and severe toxicity (Murumkar et al., 2010).  
The intestinal microbiome had an influence on ADAM17 activity in a direct or indirect manner 
via for instance LPS (lipopolysaccharide) which is important for host-microbe crosstalk (Yan 
et al., 2016, Brandl et al., 2010). Thereby enhanced ADAM17 activity and signal crosstalk 
between the basolateral surface of IECs and microbes is needed to resolve inflammation or 
injury of the epithelial lining of the intestine by epithelial regeneration. However, long-term 
chronic inflammation can be observed in inflammatory bowel disease (IBD) and enhanced 
proteolytic activity by established host-microbe crosstalk increases the risk of 
inflammation-associated cancer (Itzkowitz and Harpaz, 2004, Itzkowitz and Yio, 2004). 
ADAM17 is ubiquitously expressed on the basolateral surface of polarized epithelial cells 
throughout the small intestine and colon (Merchant et al., 2008). It was shown that ADAM17 
mRNA is upregulated in various cancers i.a. colon cancer and breast cancer (Blanchot-
Jossic et al., 2005, McGowan et al., 2008, Nakagawa et al., 2009). Overexpression of 
ADAM17 within the tumor microenvironment is often correlated with tumor progression, 
tumor invasiveness and poor clinical prediction based on the number of affected ADAM17 
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signaling pathways such as ErbB, IL-6, Notch or STAT3 pathway (Murphy, 2008, Duffy et al., 
2009). 
 
1.6  RESEARCH OBJECTIVES  
 
Mice lacking functional ADAM17 are not viable. The unique hypomorphic ADAM17ex/ex mice 
used in my study are viable and characterized by a negligible minimal expression of 
ADAM17 in all tissues (Chalaris et al., 2010). Using these mice allowed investigating the 
physiological relevance of ADAM17 within the murine system.  
I investigated whether ADAM17 had an impact of tumor initiation and tumor development in a 
colitis-associated cancer (CAC) model as well as in a genetically predisposed colorectal 
cancer (CRC) mouse model. For this purpose, a novel mouse model with deficiency in 
ADAM17 expression and mutation in the Apc tumor suppressor gene was established to 
determine the effect of ADAM17 on genetically predisposed CRC. Furthermore, I examined 
which ADAM17-regulated signaling pathway is involved in the development of colon cancer. 
Thus, I focused on the proteolytic function of ADAM17 as a metalloprotease in irreversible 
ectodomain shedding of membrane bound substrates for regulation of signaling pathways. 
To investigate whether EGFR signaling related proteins have an impact on colon cancer 
development, I analyzed mRNA levels, protein expression and ectodomain shedding in 
human colorectal cancer cells as well as in murine CRC 3D organoids and CRC tissue.  
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CHAPTER TWO: MATERIAL & METHODS 
  
Unless otherwise indicated, all chemicals, consumables and cell culture material were 
purchased by Sigma-Aldrich (Taufkirchen, D), Roth (Karlsruhe, D), Sarstedt (Nümbrecht, D) 
Biozym (Hess. Oldenburg, D), Millipore (Darmstadt, D) and Thermo Fisher Scientific, Life 
Technologies GmbH including GibcoTM (Darmstadt, D). All buffers and solutions were 




All mice were kept under barrier conditions in individually ventilated cages (IVC) in species-
appropriate husbandry at the Victor-Hensen-Haus (VHH, University of Kiel) in a 12 h 
light-dark-cycle under standard conditions. The mice were pathogen-free and checked 
periodically by microbiologic screenings. All experiments involving mice were permitted by 
national law in context of project proposal #524 „Funktionelle Charakterisierung der 
Metalloprotease ADAM17 als Regulator von chronisch entzündlichen Darmerkrankungen 
und kolorektaler Karzinogenese“ (Aktenzeichen V 312-72241.121-3 (74-6/11)) and #853 
„Etablierung von hypomorphen ADAM17 Darmkrebszelllinien aus der Maus für 
ADAM17ex/ex/APC+/- “. 
For genotyping mouse tail biopsies from 3-week-old mice were lysed overnight in 200 µl 
DirectPCR® Lysis Reagent Tail Kit from Peqlab/VWR (Erlangen, D), supplemented with 2 µl 
Proteinase K at 55 °C followed by heat inactivation at 85 °C for 45 min to stop enzymatic 
activity. Samples were centrifuged for 10 min at 12,000 x g to separate genomic DNA from 
insoluble parts. Supernatants were used for individual genotyping PCR. 
 
2.1.1 HYPOMORPHIC ADAM17ex/ex MICE  
  
ADAM17-deficent hypomorphic ADAM17ex/ex mice were generated by a novel gene target 
strategy named exon induced translational stop (EXITS). The Adam17 gene of hypomorphic 
ADAM17ex/ex mice contains an additional in frame translational stop codon and as a result 
homozygous mice harbored 95 % mRNA coding for ADAM17 with a premature stop codon 
(Chalaris et al., 2010). This premature stop codon leads to drastically reduced ADAM17 
protein expression in all tissues. Hypomorphic ADAM17ex/ex mice are viable albeit with hair, 
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skin, heart and epithelial abnormalities, open eye lids and limitations in their fertility. 
Hypomorphic ADAM17ex/ex mice showed high susceptibility to DSS-induced colitis with 
insufficient regeneration of the gut epithelium (Chalaris et al., 2010). The hypomorphic 
ADAM17ex/ex mice used in this work were on a mixed B6;129 background. 
Tail biopsies from ADAM17ex/ex mice were lysed (see section 2.1) and used for the PCR 
protocol described in Tab. 3. 
 
Tab. 3: Layout ADAM17ex/ex mice Genotyping-PCR. 
 
1x mix ADAM17ex/ex PCR 
10x Puffer DreamTaq 2.5 µl 
MgCl2 [25 mM] 2.0 µl 
dNTP-Mix [10 mM] 1.0 µl 
Primer exex_up [1:10] 1.0 µl 
Primer exex_dn [1:10] 1.0 µl 
DreamTaq Polymerase 0.1 µl 
H2O 15.4 µl 
gDNA 2.0 µl 




temperature [°C] time [sec] cycles 
95 300 1 x 
95 60 
40 x 52 60 
72 60 




Primer A17exex_up: 5´-TAT GTG ATA GGT GTA ATG-3´ 
Primer A17exex_dn: 5´-CTT ATT ATT CTC GTG GTC ACC-3´ 
  
The ADAM17 wildtype allele was characterized via agarose gel electrophoresis detected as 
a PCR product of 380 bp while the hypomorphic ADAM17ex/ex allele including the additional 





Fig. 7: Genotyping-PCR for ADAM17ex/ex mice. 
 
Genomic DNA extracted from tail biopsies were used 
for PCR. 6x DNA loading dye was added to the 
samples. Up next, separation via agarose gel 
electrophoresis with 2.0 % (w/v) agarose in 
0.5 % TBE buffer including 0.002 % (v/v) ethidium 
bromide was performed. The detected PCR products 
were located at 380 bp for ADAM17wt/wt mice and at 
550 bp for hypomorphic ADAM17ex/ex mice. In case of 
ADAM17wt/ex mice, both products were present. 
 
  
2.1.2 APCMIN/+ADAM17ex/ex MICE  
  
C57BL/6J-ApcMin/+/J mice were purchased by Jackson Laboratory (#002020). These mice are 
highly susceptible to spontaneous intestinal adenoma formation due to a mutation in the 
tumor suppressor gene Apc and loss of heterozygosity (LOH) at the APC locus. ApcMin/+ mice 
develop multiple intestinal neoplasia like intestinal polyposis in FAP patients. Homozygous 
mice are embryonically lethal. Within the scope of this doctoral thesis, 
C57BL/6J-ApcMin/+ mice were crossbred with homozygous hypomorphic ADAM17ex/ex mice on 
a mixed B6;129 background or wildtype ADAM17wt/wt mice on a mixed B6;129 background to 
receive mice termed ApcMin/+ADAM17ex/ex or ApcMin/+ADAM17wt/wt on a mixed B6;129 
background. Tail biopsies from ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice were 










Tab. 4: Layout ApcMin/+ mice Genotyping-PCR. 
 
1x mix ApcMin/+ PCR 
10x Puffer DreamTaq 2.0 µl 
MgCl2 [25mM] 2.5 µl 
dNTP-Mix [10 mM] 1.0 µl 
Primer 33 [1:10] 3.0 µl 
Primer 34 [1:10] 3.0 µl 
Primer 35 [1:10] 2.4 µl 
DreamTaq Polymerase 0.1 µl 
H2O 4.0 µl 
gDNA 2.0 µl 




temperature [°C] time [sec] cycles 
94 180 1 x 
94 30 
35 x 55 30 
72 60 




Primer APC_33: 5´-GCC ATC CCT TCA CGT TAG-3´(wildtype) 
Primer APC_34: 5´-TTC CAC TTT GGC ATA AGG C-3´(common) 
Primer APC_35: 5´-TTC TGA GAA AGA CAG AAG TTA-3´(mutant) 
  
The Apc wildtype allele was detected via agarose gel electrophoresis by a PCR product of 
600 bp while the heterozygous ApcMin/+ allele was determined by PCR products of 340 bp 
and 600 bp (Fig. 8). The ApcMin/+ Genotyping-PCR can not distinguish homozygous 









Fig. 8: Genotyping-PCR for ApcMin/+ mice. 
 
DNA extracted from tail biopsies were used for PCR. 
6x DNA loading dye was added to the samples. Up next, 
separation via agarose gel electrophoresis with 
1.0 % (w/v) agarose in 0.5 % TBE buffer including 
0.002 % (v/v) ethidium bromide was performed. The PCR 
product from wildtype Apc+/+ mice has a size of 600 bp. 
The PCR from ApcMin/+ mice shows a result at a size of 
340 bp and 600 bp. * unspecific signal. 
 
2.2 MOUSE MODELS  
  
To investigate the role of ADAM17 during the development of colon cancer, a chemically 
inducible inflammation-associated AOM/DSS mouse model and the genetically predisposed 
ApcMin/+ mouse model were used.  
  
2.2.1 AOM/DSS MOUSE MODEL 
  
AOM/DSS is a well-established mouse model to investigate colon cancer development 
coupled with chronic mucosal inflammation which is observed in inflammatory bowel disease 
(IBD) patients (Wirtz et al., 2007).  
To induce tumor formation, mice were injected i.p. with azoxymethane (AOM) at two different 
time points accompanied by three cycles of dextran sulfate sodium (DSS) via drinking water 
ad libitum to promote chronic inflammation within the colon (Fig. 9). 
AOM was purchased by Sigma-Aldrich (Taufkirchen, D) and prepared in sterile H2O up to a 
final concentration of 10 mg/ml stock solution. For the working solution, solved AOM was 
diluted in sterile 1x PBS up to a final concentration of 1 mg/ml. All experiments were 
performed with AOM from the same lot number. To start the experimental procedure, a dose 
of 10 mg/kg body weight AOM was administered on day 0. A second dose of 5 mg/kg body 
weight followed at day 21. 
DSS was purchased from MPBiomedicals (Eschwege, D) and prepared freshly for each 
cycle in normal drinking water up to a final concentration of 1.5 % (w/v) for the first cycle from 
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day 7-14. During the following treatment from day 28-35 and day 49-56 the concentration 
was reduced to 1.0 % (w/v) DSS. All experiments were performed with DSS (molecular 
weight of 36,000-50,000) from the same lot number to exclude variances regarding sulfur 
content. 
Mice used throughout the AOM/DSS experiment were 8-week-old male hypomorphic 
ADAM17ex/ex and ADAM17wt/wt mice. 
  
 
Fig. 9: Experimental timeline for AOM/DSS-induced CAC and analysis.  
Schematic representation of the colitis-associated colorectal cancer (CAC) model used in this study. 
Mice were treated with two i.p. injections of azoxymethane (AOM) as directed followed by repeated 
administration of dextran sulfate sodium (DSS) provided in the drinking water for one week. The 
formation of colonic tumors was monitored after 90 days. 
  
According to the permitted project proposal #524, all mice were monitored during 
AOM/DSS-treatment. Daily weight check during DSS-treatment and the following seven days 
were mandatory because weight loss of more than 25 % was a legally defined termination 
criterion. Additionally, feces were controlled for consistency and occult blood by 
Guaiac-based Haemoccult® test from Beckman Coulter (USA) before and after each DSS 
cycle. 
  
2.2.2 APCMIN/+ MOUSE MODEL  
  
ApcMin/+ mice are genetically predisposed to spontaneous intestinal adenoma formation which 
leads to the Min (Multiple intestinal neoplasia) phenotype upon loss of the Apc wildtype allele 
(Luongo et al., 1994). This phenotype is based on a single germline mutation where the 
tumor suppressor gene Apc was initially chemically mutated using N-ethyl-N-nitrosourea 
(ENU) leading to a T to A transversion of nucleotide 2549 resulting in a L850* nonsense 
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mutation (Moser et al., 1990, Hursting et al., 1999). The premature stop codon at amino acid 
850 leads to a truncated APC protein of 95 kDa. This truncated APC protein lacks the 
ß-Catenin binding sequence (Su et al., 1992). As a consequence, the Wnt pathway is 
constitutively activated in ApcMin/+ mice and ß-Catenin accumulates and translocates to the 
nucleus where it interacts with transcription factors of the TCF/LEF family.  
Mice used throughout the analysis were six-month-old. During this time, loss of 
heterozygosity (LOH) at the APC locus in the ApcMin/+ mouse takes place. LOH describes a 
mutation in which the entire allele is lost (Bienz and Clevers, 2000). LOH is an initial event, 
because Apc is a recessive tumor suppressor gene and inactivation of both alleles is 
necessary for spontaneous tumor formation because the remaining Apc wildtype allele can 
compensate for the mutated allele (Yamada and Mori, 2006). This finding was first postulated 
in the currently accepted Knudson´s two-hit hypothesis, which describes that an additional 
mutation in the second allele is essential to lose both alleles and the associated function of a 
tumor suppressor gene (Knudson et al., 1975). 
  
2.2.3 SACRIFICE OF MICE 
  
All mice were sacrificed by cervical dislocation according to animal welfare guidelines. After 
sacrifice, small intestine and colon were removed and flushed with ice-cold PBS to remove 
feces, opened longitudinally and prepared for further experiments and analysis as indicated.  
 
2.3 ORGANOID CULTURE 
  
Organoid cultures make it possible to investigate intestinal epithelial cells ex vivo without 
influence of the microenvironment.  
The following protocols were initially adapted from Sato et al. (Sato et al., 2009), provided by 
our cooperation partner Assoc. Prof. Dr. Peter J. Dempsey from the University of Colorado 




2.3.1 CRYPT ISOLATION 
  
Mice were euthanized, dissected and the small intestine was collected and stored in ice-cold 
PBS. For ex vivo organoid culture the following steps were performed under sterile 
conditions. The small intestine was opened longitudinally, rinsed three times with ice-cold 
1x PBS and cut into small pieces (~5 mm). Tissue pieces were transferred into a 50 ml tube 
and washed with 10 ml ice-cold 1x PBS to reduce bacterial levels and mucin content until the 
supernatant was clear. Thereupon, the tissue pieces were incubated with 10 ml freshly 
prepared 2 mM EDTA and 0.5 mM DTT in 1x PBS on ice to loosen villus fragments and 
crypts. The EDTA/DTT buffer was gently removed after 30 min and replaced by 10 ml 
1x PBS without Ca2+ and Mg2+. The 50 ml tube was vigorously shaken to resuspend tissue 
pieces and to release crypts. The tissue pieces were allowed to settle under normal gravity 
for up to 5 min. The supernatant including released crypts was passed through a 100 µm cell 
strainer to remove residual villus material. 100 µl from the filtrate was transferred to a 96 well 
plate to check for well-preserved crypts by microscopic analysis. The resuspension-
sedimentation step was repeated 2-4 times, and each single step was microscopically 
monitored for well-preserved crypts. The supernatants without crypts or bad crypt-debris ratio 
were discarded. Supernatants containing well-preserved crypts were combined and gently 
pelleted by centrifugation at 500 x g for 4 min at RT to separate crypts from single cells. 
Crypt pellets were resuspended in 3-5 ml EDTA/DTT buffer, transferred to a 15 ml tube and 
centrifuged at 500 x g for 4 min at RT. As a last step, the crypts were mixed with up to 500 µl 
Corning® Matrigel® Basement Membrane Matrix Growth Factor Reduced (GFR) from Corning 
(USA), plated in 24 well plates with 50 µl Matrigel® GFR drops per well plus 500 µl individual 
medium and cultured until they reached the state of mature organoids (Fig. 10). Further 
information about organoid culture conditions is described in the following subchapter 2.3.2. 
 
2.3.2 ORGANOID CULTURE CONDITIONS 
  
Corning® Matrigel® Basement Membrane Matrix Growth Factor Reduced (GFR) from Corning 
(USA) is a solubilized basement membrane extracted from the Engelbreth-Holm-Swarm 
mouse sarcoma and supported the laminin and collagen IV-rich crypt base under ex vivo cell 
culture conditions. Hardened Matrigel® GFR drops allowed to grow cells or organoids within a 
three-dimensional matrix. Matrigel® GFR must be stored at -20 °C, thawed on ice in a 4 °C 
refrigerator overnight and kept on ice until usage, because Matrigel® GFR hardened above 
10 °C.  
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Pelleted crypts from chapter 2.3.1 or mature organoids were gently mixed with up to 500 µl 
Matrigel® GFR in a 1:2 ratio with GibcoTM Advanced DMEM/F12 containing 1x GlutaMAX and 
50 U/ml Pen/Strep. Organoids were seeded in a 24 well plate with 50 µl Matrigel® GFR drops 
per well. Plates remained at 37 °C for 5-15 min until Matrigel® GFR hardened. Each drop was 
covered with 500 µl individual medium per well. The entire culture medium was changed 
every second day and organoids were passaged twice a week in a 1:5 ratio. 
For passaging, the culture medium was replaced with fresh GibcoTM Advanced DMEM/F12 
containing 1x GlutaMAX and 50 U/ml Pen/Strep as washing medium. Organoids and 
Corning® Matrigel® GFR were mechanically disrupted by using a 1,000 µl pipette and 
transferred into a 15 ml tube. Further mechanical disruption was achieved by using a 
21G x 4¾'' needle. Dissociated organoids were washed with up to 3 ml wash medium and 
centrifuged at 800 x g for 4 min. The supernatant was discarded and the pellet was 
resuspended in a 1:2 ratio of Matrigel® GFR and washing medium. Organoids were seeded 
as described above. 
For cryopreservation, Matrigel® GFR spots including well proliferating organoids were 
thoroughly disrupted mechanically by pipetting with wash medium, transferred into a 15 ml 
tube and centrifuged at 800 x g for 4 min. The supernatant was discarded and the pellet 
resuspended in freezing medium containing 90 % (v/v) FCS and 10 % (v/v) DMSO. For 
long-term storage, cryo tubes were kept at -160 °C.  
  
2.3.3 BCM ORGANOIDS 
  
To maintain organoid cultures from ADAM17wt/wt and ADAM17ex/ex mice, basal culture medium 
(BCM) was freshly prepared every 10-14 days as indicated in Tab. 5 and Tab. 6. 
To generate conditioned media, L cells expressing Wnt3a and HEK293 cells expressing 
R-Spondin-1 were kindly provided by our cooperation partner Assoc. Prof. 
Dr. Peter J. Dempsey from the University of Colorado Medical School, Aurora, Colorado, 
USA. Both cell lines were cultured in GibcoTM Advanced DMEM/F12 containing 10 % FCS, 
10 mM HEPES, 1x GlutaMAX and 50 U/ml Pen/Strep. To select Wnt3a expressing L cells, 
0.4 mg/ml G418 were added to the cell culture medium. R-Spondin-1 expressing HEK293 
cells were selected by adding 0.6 mg/ml Zeocin to the cell culture medium. To generate 
conditioned media, the cells were grown in 10 cm dishes in media containing antibiotics until 
near confluency. The cells were passaged in 1:10 ratio in 10 cm dishes into 10 ml cell culture 
medium without antibiotics. After 4 days, the conditioned media were collected, stored at 
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4 °C and fresh media without antibiotics were added for additional 4 days. Conditioned media 
were passed through a 0.2 µm filter for sterilization and aliquoted for storage at -20 °C. It is 
recommended to test each new batch of conditioned media on organoids to determine the 
concentration of Wnt3a and R-Spondin-1 due to their necessity to maintain Wnt signaling 
and crypt proliferation in organoid cultures. 
Depending on the origin of isolated crypts, BCM for small intestine or BCM for colon were 
chosen depending on the physiological distribution of Paneth cells in the intestine and the 
required amount of conditioned media. Since Paneth cells secrete Wnt3a, conditioned media 
from L cells is not required in BCM for small intestine. 
 
Tab. 5: Basal culture medium for colon organoids. 
BCM colon final conc.  source of supply 
R-Spondin-1  15 ml cond. medium HEK_Rsp-1 
Wnt3a 15 ml cond. medium L cells_Wnt3a  
B27 [50x]  1x Life technologies 
N2 [100x] 1x Life technologies 
Pen/Strep [100x] 1x Life technologies 
GlutaMax [100x] 1x Life technologies 
HEPES [1 M] 10 mM Life technologies 
NAC [1 M] 1 mM Sigma  
Noggin [25 µg/ml] 25 ng/ml Peprotech 
Gentamycin [50 mg/ml] 50 µg/ml Life technologies 
Primocyn [50 mg/ml] 0.5 mg/ml Invivogen 









 Tab. 6: Basal culture medium for small intestinal organoids. 
BCM small intestine final conc.  source of supply 
R-Spondin-1  12 ml cond. medium HEK_Rsp-1 
Wnt3a / cond. medium L cells_Wnt3a  
B27 [50x]  1x Life technologies 
N2 [100x] 1x Life technologies 
Pen/Strep [100x] 1x Life technologies 
GlutaMax [100x] 1x Life technologies 
HEPES [1 M] 10 mM Life technologies 
NAC [1 M] 1 mM Sigma  
Noggin [25 µg/ml] 25 ng/ml Peprotech 
Gentamycin [50 mg/ml] 50 µg/ml Life technologies 
Primocyn [50 mg/ml] 0.5 mg/ml Invivogen 
EGF [120 µg/ml] 40 ng/ml Peprotech 
  
Freshly prepared medium was passed through a 0.2 µm filter for sterilization and stored 
at -20 °C. 
As shown in the flow diagram in Fig. 10, organoids generated from ADAM17wt/wt mice and 









Fig. 10: Flow diagram showing the generation of murine organoids cultured in basal culture 
medium (BCM). 
Murine intestinal crypts from ADAM17wt/wt mice and hypomorphic ADAM17ex/ex mice were isolated and 
cultured ex vivo in Matrigel® GFR with specific niche factors as well as Wnt3a and R-Spondin-1 to 
form murine organoids. Organoids cultured in basal culture medium (BCM) showed characteristic 
budded structures which retain villus- and crypt-domains as well as an intestinal lumen-like cavity. 
BCM supplements led to directed differentiation of Lgr5+ stem cells into intestinal epithelial cells. 
Adapted from (Barker, 2014, Schuijers and Clevers, 2012).  
 
2.3.4 APC ORGANOIDS 
  
To maintain organoid cultures from ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice, 
APC tumor medium was freshly prepared every 10-14 days as indicated in Tab. 7. 
Due to the fact that Wnt signaling is constitutively active in ApcMin/+ mice, ApcMin/+ organoids 
grow without Wnt supplements. Therefore, the admixture of conditioned media from L cells 









Tab. 7: APC tumor medium for ApcMin/+ organoids. 
APC tumor final conc.  source of supply 
B27 minus insulin [50x]  1x Life technologies 
N2 [100x] 1x Life technologies 
Pen/Strep [100x] 1x Life technologies 
GlutaMax [100x] 1x Life technologies 
HEPES [1 M] 10 mM Life technologies 
NAC [1 M] 1 mM Sigma  
Noggin [25 µg/ml] 25 ng/ml Peprotech 
Gentamycin [50 mg/ml] 50 µg/ml Life technologies 
Primocyn [50 mg/ml] 0.5 mg/ml Invivogen 
EGF [120 µg/ml] 40 ng/ml Peprotech 
  
Freshly prepared medium was passed through a 0.2 µm filter for sterilization and stored 
at -20 °C. 
 
2.3.5 TREATMENT OF ORGANOIDS 
  
For experiments, organoids were seeded in 24 well plates as described in subchapter 2.3.2. 
Inhibitors or recombinant proteins were added as indicated (Tab. 8) in APC tumor medium 
and organoids were incubated at 37 °C for 72 h. For ELISA analysis (see subchapter 2.5.5), 
organoid supernatants were harvested, centrifuged at 1,000 x g for 5 min, transferred into a 
new tube and stored at -20 °C until usage. Each well was microscopically evaluated and 
photographed with the Nikon AZ100 microscope and NIS-Elements D 4.12.01 software to 








Tab. 8: Inhibitors and recombinant proteins used for organoid treatment. 
chemicals final conc. 
GI254023X 30 µM 
GW280264 30 µM 
Marimastat 100 µM 
IL-6 100 ng/ml 
Hyper IL-6 100 ng/ml 
sgp130Fc 100 ng/ml 
 
2.3.6 CELL VIABILITY ASSAY  
  
To assess the number of viable and proliferating cells in organoid cultures, a cell viability 
assay (Promega, D) was performed. For this, a normal cultured well of a 24 well plate from 
each organoid line was split into 48 wells of a 96 well plate and evenly distributed in 15 µl 
Matrigel® GFR per well. APC tumor medium with or without EGF was mixed up with IL-6, 
Hyper IL-6 or sgp130Fc as indicated in Tab. 8. Minimum six wells per condition were 
analyzed in three independent experiments and pure Matrigel® GFR spots without organoids 
served as negative control. Each well was filled up with 150 µl APC tumor medium and 
incubated at 37 °C for 72 h. After incubation, 20 µl CellTiter-Blue® were added directly onto 
each well and cell viability was measured due to conversion of the dye resazurin via redox 
reaction into resorufin, a fluorescent dye. Only proliferating cells are able to convert resazurin 
into resorufin due to metabolic activity whereby the fluorescence intensity was measured as 
an indirect indicator for proliferation. After measurement, a photo from each well was taken to 
count for number of organoids per well to normalize each value to number of organoids per 
well. 
 
2.3.7 CRYOSECTIONING OF ORGANOIDS  
  
To maintain organoid morphology, it was necessary to remove the medium gently without 
washing and pre-fixing organoids with 4 % PFA for 10 min. After removal of PFA, the 
organoids were carefully washed with 1x PBS containing Ca2+ and Mg2+ ions. The organoids 
were collected in a 15 ml tube with double volume of 1x PBS to dilute Matrigel® GFR 
residues. Following this, organoids were pelleted by centrifugation at 200 x g for 3 min at RT 
and the supernatant was discarded. Organoids were resuspended in 1 ml 1x PBS, 
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transferred to a 1.5 ml tube and centrifuged at 200 x g for 3 min. Subsequently the organoid 
pellet was gently resuspended in 100-400 µl chilled 2 % agarose in 1x PBS. After hardening, 
the agarose plug was transferred to 4 % PFA for 1 h and stored overnight in 30 % sucrose in 
1x PBS at 4 °C. Finally, the agarose plug was embedded in the center of 
Tissue-Tek® Cryomold® (Sakura, D) with Tissue-Tek® O.C.T.TM compound (Sakura, D) on dry 
ice in methylbutane. The frozen block was stored at -80 °C until usage.  
For cryosectioning, the frozen block was allowed to equilibrate in the cryostat chamber for 
approximately 15 min before usage after manufacturers’s specifications. The specimen was 
prepared in slices of 7 µm and stored at -80 °C until staining. 
  
2.4 RNA ANALYSIS 
  
2.4.1 RNA-ISOLATION FROM TISSUE OR CELLS 
  
Right at the start of RNA isolation all equipment was cleaned with RNase-ExitusPlusTM 
(AppliChem, D) and gloves were worn during the whole procedure.  
To isolate total RNA from animal tissue for RNA sequencing, the RNeasy Mini Kit from 
Qiagen (Hilden, D) was used according to manufacturers instructions including QIAshredder 
column from Qiagen. To ensure a complete homogenization, the tissue was freshly ground in 
liquid nitrogen before use. 
TRIzol® reagent from Thermo Fisher Scientific, Life Technologies GmbH (Darmstadt, D) was 
used to isolate RNA from animal tissue for cDNA synthesis and qRT-PCR according to 
manufacturers instructions. 
RNA isolation of samples obtained from laser microdissection (see subchapter 2.6.6) was 
conducted using the innuPREP RNA Kit from Analytik Jena (Jena, D) according to 
manufacturers instructions. 
All RNA samples were stored at -80 °C. Purity and concentration of isolated RNA was 






RNA-sequencing and transcriptome analysis were performed in cooperation with 
Dr. Robert Häsler from the Institute of Clinical Molecular Biology (IKMB) in Kiel using Illumina 
HiSeq technology. Quality, purity and concentration of isolated RNA was determined via 
TapeStation (Agilent technologies, USA) and RNA integrity number equivalent (RINe) of total 
RNA degradation analysis. 
  
2.4.3 CDNA SYNTHESIS 
  
For cDNA synthesis, the RevertAid H Minus Reverse Transcriptase from Thermo Fisher 
Scientific, Life Technologies GmbH (Darmstadt, D) was used as recommended. The 
resulting cDNA was diluted 1:4 with ddH2O and stored at -20 °C. To assess a successful 
cDNA synthesis, a RT-PCR for 𝛽𝛽-Actin was performed as followed: 
  
Tab. 9: Layout 𝜷𝜷-Actin RT-PCR. 
 
1x mix 𝜷𝜷-Actin 
cDNA 2.0 µl 
10x DreamTaq Puffer 2.5 µl 
MgCl2 [25 mM] 2.0 µl 
dNTP-Mix [10 mM] 1.0 µl 
β- Actin Primer up [1:10] 1.0 µl 
β- Actin Primer dn [1:10] 1.0 µl 
DreamTaq Polymerase 0.1 µl 
H2O 15.4 µl 




temperature [°C] time [sec] cycles 
95 300 1 x 
95 30 
35 x 52 30 
72 60 
72 600 1 x 
4 ∞  
 
 
Primer β- Actin up: 5´-GATGGTGGGAATGGGTCA-3´ 
Primer β- Actin dn: 5´-CACGCACGACGATTTCCCTCT-3´ 
  
The 𝛽𝛽-Actin PCR product with a size of 500 bp was detected via agarose gel electrophoresis. 
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2.4.4 QUANTITATIVE REAL TIME PCR 
  
For gene expression analysis, 1 µg RNA was reversely transcribed (see subchapter 2.4.3). 
The cDNA was used as a template in a quantitative real-time PCR (qRT-PCR) assay by 
using LightCycler® 480 system from Roche Applied System (Prenzberg, D) according to 
manufacturers´s instructions. All contents were purchased by Roche Applied System 
(Prenzberg, D) except the Primer for 20x Assay Universal ProbeLibrary (UPL)-Probes. 
Primer were designed by using Roche Universal ProbeLibrary Assay Design Center. Used 
Primer are listed below in Tab. 11 and Tab. 12.  Preparations of 20x Assay UPL-Probe for 
gene of interest and 20x Assay GAPDH for housekeeping control were done with dimmed 
light to protect fluorophore-coupled UPL-Probes. 1x mix for each specimen was purpose-built 
as indicated in Tab. 10. 
 
Tab. 10: Layout 20x Assays for qRT-PCR LightCycler® 480. 
 
20x Assay UPL Probe #  
Primer up [100 pM/µl] 1.2 µl 
Primer down [100 pM/µl] 1.2 µl 
UPL Probe # 4.0 µl 
H2O 13.6 µl 
 
 
20x Assay GAPDH  
Primer Mix 1.2 µl 
Probe  4.0 µl 
H2O 14.8 µl 
 
 
1x mix qRT-PCR 
20x Assay 0.5 µl 
2x MasterMix 5.0 µl 
H2O 2.5 µl 
cDNA 2.0 µl 
Æ 10 µl/ well 
  
  
10 µl of 1x mix were added to each well of a 384 well plate. All samples were run in 
triplicates. Quantification of relative changes in gene expression pattern was determined by 
the LightCycler® 480 Software 1.5.0 (Roche Diagnostics, CH). The relative mRNA levels 
were assessed by the 2-∆∆Ct method. The ΔCt rates were calculated for each sample by 
normalization to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 




Primer design was conducted by using UPL Assay Design Centre by Roche. All 
oligonucleotides were synthesized by Metabion International AG (München, D).  
 
Tab. 11: Primer for human qRT-PCR target genes. 
Target UPL-Probe Sequence Primer 
Notch-1 # 85 ACGCACAAGGTGTCTTCCA hNotch-1_up_#85 
    AGGATCAGTGGCGTCGTG hNotch-1_dn_#85 




Hey-1 # 29 CATACGGCAGGAGGGAAAG hHey-1_up_#29 
    GCATCTAGTCCTTCAATGATGCT hHey-1_up_#29 
ADAM17 # 77 CGTTTTTCACAAAATTTCAAGGT hADAM17_up_#77 
    CCCTAGAGTCAGGCTCACCA hADAM17_dn_#77 
EGFR # 25 CAGAGTGATGTCTGGAGCTACG hEGFR_up_#25 
    GGGAGGCGTTCTCCTTTCT hEGFR_dn_#25 
ErbB2 # 16 GCCATGAGCAGTGTGCTG hERBB-2_up_#16 
    ACAGATGCCACTGTGGTTGA hERBB-2_dn_#16 
ErbB3 # 25 CAATCCCCACACCAAGTATCA hERBB-3_up_#25 
    GATGTTTGATCCACCACAAAGTT hERBB-3_dn_#25 




BTC # 49 ACTGCATCAAAGGGAGATGC hBTC_up_#49 
    TCTCACACCTTGCTCCAATG hBTC_dn_#49 
EGF # 77 CGCAGGAAATGGGAATTCTA hEGF_up_#77 
    CCATGATCACTGAGACACCAG hEGF_dn_#77 
AREG # 38 CGGAGAATGCAAATATATAGAGCAC hAREG_up_#38 
    CACCGAAATATTCTTGCTGACA hAREG_dn_#38 




TGFα # 38 CCCAGATTCCCACACTCAG hTGFa_up_#38 
    ACGTACCCAGAATGGCAGAC hTGFa_dn_#38 




ADAM10 # 53 GCCAGCAGAGAGATATATTAAAGACC hADAM10_up_#53 
    GGACCGTATTTATGGGGATAGTT hADAM10_dn_#53 
IL-6 # 68 GCCCAGCTATGAACTCCTTCT hIL-6_up_#68 
    CTTCTCCTGGGGGTACTGG hIL-6_dn_#68 
IL-6R # 38 GGACTGTGCACTTGCTGGT hIL-6R_up_#38 
    ATTGCTGAGGGGGCTCTT hIL-6R_dn_#38 
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Tab. 12: Primer for murine qRT-PCR target genes. 
Target UPL-Probe Sequence Primer 
EGFR # 10 TGTGCAAAGGAATTACGACCT mEGFR_up_#10 
    GTTGAGGGCAATGAGGACA mEGFR_dn_#10 




ErbB3 # 99 AAGTACAACCGGCCTCTGG mErbB3_up_#99 
    CGACAAGACAAGCACTGACC mErbB3_dn_#99 
ErbB4 # 75 TGGAGAAAGGAGAGCGTCTG mErbB4_up_#75 
    CAGCATCGATCATCCAACA mErbB4_dn_#75 
BTC # 68 CGGGTAGCAGTGTCAGCTC mBTC_up_#68 
    ACAGTGGAGAATTGCAAGACC mBTC_dn_#68 
EGF # 38 GGGATGTGGGGGACTTACTAC mEGF_up_#38 
    TGGCTCATCACAAGGGTTC mEGF_dn_#38 




TGFα # 77 CAGAAGAAGCAAGCCATCACT mTGFa_up_#77 
    CAGTGTTTGCGGAGCTGAC mTGFa_dn_#77 
AREG # 53 TCCAAGATTGCAGTAGTAGCTGTC mAREG_up_#53 
    CCCTGAAGTATCGTTTCCAAAG mAREG_dn_#53 
c-Met # 82 CACCACCAAGTCAGATGTGTG mc-Met_up_#82 
    AGGGGCTCCTCTCGTCAT mc-Met_dn_#82 
HGF # 100 CACCCCTTGGGAGTATTGTG mHGF_up_#100 
    GGGACATCAGTCTCATTCACAG mHGF_dn_#100 
Notch-1 # 85 TGGACGACAATCAGAACGAG mNotch-1_up_#85 
    GGAGAACTACTGGCTCCTCAAA mNotch-1_dn_#85 




Hes-5 # 22 CCAAGGAGAAAAACCGACTG mHes-5_up_#22 
    TGCTCTATGCTGCTGTTGATG mHes-5_dn_#22 




Hey-2 # 104 GTGGGGAGCGAGAACAATTA mHey-2_up_#104 
    GTTGTCGGTGAATTGGACCT mHey-2_dn_#104 
ß-Catenin # 77 CTTGGATATCGCCAGGATGA mb-Cat_up_#77 
    CCCATCAACTGGATAGTCAGC mb-Cat_dn_#77 
ADAM17 # 77 CCGAACGCTTTTCACAAAAC mADAM17_up_#77 
    AACCCTAGAGTCAGGCTCACC mADAM17_dn_#77 
Sox17 # 53 CACAACGCAGAGCTAAGCAA mSox17_up_#53 
    ACTTGTAGTTGGGGTGGTCCT mSox17_dn_#53 
Sox9 # 25 CAGCAAGACTCTGGGCAAG mSox9_up_#25 
    ATCGGGGTGGTCTTTCTTGT mSox9_dn_#25 
LGR5 # 60 GACTTTAACTGGAGCAAAGATCTCA mLGR5_up_#60 
    CGAGTAGGTTGTAAGACAAATCTAGC mLGR5_dn_#60 
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Claudin-1 # 68 CTTGACCCCCATCAATGC mClaudin1_up_#68 
    GTGGTGTTGGGTAAGAGGTTG mClaudin1_dn_#68 
Axin-2 # 68 GAGGATGCTGAAGGCTCAAA mAxin2_up_#68 
    TCGCCTTCTTGAAATAATACCTG mAxin2_dn_#68 
MMP7 # 94 TAATTGGCTTCGCAAGGAGA mMMP7_up_#94 
    AAGGCATGACCTAGAGTGTTCC mMMP7_dn_#94 
MMP13 # 89 GCCAGAACTTCCCAACCAT mMMP13_up_#89 
    TCAGAGCCCAGAATTTTCTCC mMMP13_dn_#89 
Muc2 # 85 CCTTGTCTTCTGCTGGAAGG mMuc2_up_#85 
    TCACCAAAGGAACTGATCTGC mMuc2_dn_#85 
Lysozym-1 # 46 GGCAAAACCCCAAGATCTAA mLyso1_up_#46 
    TCTCTCACCACCCTCTTTGC mLyso1_dn_#46 
Lysozym-2 # 64 GAATGGAATGGCTGGCTACT mLyso2_up_#64 
    CGTGCTGAGCTAAACACACC mLyso2_dn_#64 
Olfm4 # 102 CTCCGGGAGGCACTTCTT mOlfm4_up_#102 
    CTGTCCACAGACCCAGTGAA mOlfm4_dn_#102 
IL-6 # 6 GCTACCAAACTGGATATAATCAGGA mIL-6_up_#6 
    CCAGGTAGCTATGGTACTCCAGAA mIL-6_dn_#6 
IL-6R # 53 ATCCTCTGGAACCCCACAC mIL6R_left_#53 
    GAACTTTCGTACTGATCCTCGTG mIL6R_right_#53 
IL6ST # 85 AGGACCAAAGATGCCTCAAC mIL6ST_up_#85 
    TGAAGGAAGTTCGAGGAGACA mIL6ST_dn_#85 
BIRC5 # 71 CCCGATGACAACCCGATA mBIRC5_up_#71 
    CATCTGCTTCTTGACAGTGAGG mBIRC5_dn_#71 
LATS1 # 95 GCTGTCCAGAAGCCTCACC mLATS1 _up_#95 
    TTCTGAGCCAAGGTGAAAGG mLATS1 _dn_#95 
Ctgf # 85 CTGCAGACTGGAGAAGCAGA mCtgf_up_#85 
    GCTTGGCGATTTTAGGTGTC mCtgf_dn_#85 
Cyr61 # 70 CGTCACCCTTCTCCACTTG mCyr61_up_#70 
    CACTTGGGTGCCTCCAGA mCyr61_dn_#70 
YAP-1 # 99 TTCCGATCCCTTTCTTAACAGT mYAP1_up_#99 
    GAGGGATGCTGTAGCTGCTC mYAP1_dn_#99 
DCC # 25 CACTGGAAGTGGTTAACTCAAGG mDCC(EC)_up_#25 
    GCCAGTAATAAATCCATTTTGTGTT mDCC(EC)_dn_#25 
c-Myc 
#77 CCTAGTGCTGCATGAGGAGA mcMyc_up_#77 







2.5 PROTEIN ANALYSIS 
  
2.5.1 PREPARATION OF PROTEIN LYSATES FROM TISSUE OR CELLS 
  
To extract proteins, cells were resuspended in 50-150 µl ice-cold lysis buffer (50 mM Tris; 
150 mM NaCl; 2 mM EDTA; 1 % (v/v) NP-40; 1 % (v/v) Triton X-100; two complete-protease 
inhibitor cocktail tablets (Roche) per 50 ml) by pipetting. In order to ensure a complete lysis, 
the samples were incubated on ice for 60 min. Afterwards, the samples were centrifuged at 
13,000 x g for 15 min to harvest the protein-containing supernatant. Protein lysates were 
stored at -20 °C until usage. 
Animal tissues were mechanically disrupted by using the Precellys® (Peqlab, D) homogenizer 
according to manufacturers instructions. The tissue was mixed with RIPA 
(Radioimmunoprecipitation assay) lysis buffer (50 mM Tris; 150 mM NaCl; 0.1 % (v/v) SDS; 
1 % (v/v) Triton X-100; 0.5 % (w/v) sodium deoxycholate) and ceramic beads for 
homogenization. After homogenization, samples were incubated on ice for 60 min and 
centrifuged at 13,000 x g for 15 min to collect the protein-containing supernatant. 
To inhibit phosphatases, sodium orthovanadate (final conc. 1 mM) was added to the 
appropriate lysis buffer if necessary. 
The protein concentration of the samples was determined by Bichinonic acid protein assay 
from PierceTM (Thermo Fisher Scientific, Life Technologies GmbH, D) in relation to a BSA 
standard curve. The extinctions were measured at a wavelength of 568 nm in a microtiter 
plate reader from Tecan (Männedorf, CH). 
To enrich glycosylated proteins from supernatant or cell lysate, a Concanavalin A 
precipitation was performed. 1 mg protein was refilled with 1x PBS up to 1 ml and 30 µl of 
Concanavalin A buffered aqueous suspension (#C9017 Sigma-Aldrich, D) was added. The 
sample was wheeled at 4 °C overnight. To remove non-bound proteins, the sample was 
centrifuged at 5,000 x g for 5 min and the supernatant was discarded. Precipitated 
Concanavalin A with bound glycosylated proteins was washed with ice-cold 1x PBS and 
centrifuged again at 5,000 x g for 5 min. Afterwards, 50-150 µl 5x Laemmli buffer 
(250 mM Tris-HCl (pH 6.8); 50 % (v/v) Glycerol; 0.01 % Bromphenolblue (w/v); 
10 % (v/v) ß-Mercaptoethanol; 10 % (w/v) SDS) was added and samples were boiled at 
95 °C for 10 min.  
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2.5.2 INTESTINAL CULTURE 
  
Colon culture assays were performed to assess the amount of released soluble proteins from 
mouse tissue via enzyme-linked immunosorbent assay (ELISA) (Fig. 11).  
  
 
Fig. 11: Layout of an intestinal culture experiment.  
To study soluble proteins and released cytokines selected tissue pieces were cultured overnight in 
DMEM medium and afterwards the supernatant was analyzed via ELISA. 
  
Selected tissue pieces (1 cm) were washed thoroughly in 1x PBS mixed with 2x Pen/Strep 
for up to 5 min and incubated overnight in 1 ml GibcoTM DMEM with 2x Pen/Strep at 37 °C. 
Subsequently the supernatant was harvested, centrifuged at 1,000 x g for 5 min, transferred 
to a new tube and stored until usage at -20 °C. The weights of the tissue pieces were used to 
normalize ELISA results. 
  
2.5.3 WESTERN BLOT ANALYSIS 
  
Depending on the mass of the proteins to be analyzed, adequate SDS-polyacrylamide gels 
with a different polyacrylamide concentration were made (Tab. 13).  
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Tab. 13: Polyacrylamide gel for SDS-PAGE 
 
7.5 - 15 % Running Gel 
ddH2O 2.25-4.8 ml 
1.5 M Tris/HCl pH 8.8 2.255 ml 
10 % SDS 100.0 µl 
10 % APS 100.0 µl 
TEMED 10.0 µl 
Polyacrylamide 2.4-4.95 ml 
Total volume 9.96 ml 
 
*Volume for one 1.5 mm Gel 
 
4 %  Stacking Gel 
ddH2O 1.863 ml 
0.5 M Tris/HCl pH 6.8 313.0 µl 
10 % SDS 25.0 µl 
10 % APS 25.0 µl 
TEMED 3.0 µl  
Polyacrylamide 335.0 µl 
Total volume 2.563 ml 
 
 *Volume for one 1.5 mm Gel 
 
Equal amounts of total protein supplemented with 5x Laemmli buffer 
(250 mM Tris-HCl (pH 6.8); 50 % (v/v) Glycerol; 0.01 % Bromphenolblue (w/v); 
10 % (v/v) ß-Mercaptoethanol; 10 % (w/v) SDS) were boiled at 95 °C for 5 min, briefly 
centrifuged and loaded on the gel.  
The discontinuous SDS-PAGE was started by applying a voltage in the range of approx. 
120-160 V in 1x SDS running buffer in SDS-PAGE Mini Protean III system from Bio-Rad 
(München, D). 
The protein gel transfer was performed by Tank-Blot System Mini Transblot from Bio-Rad 
(München, D) onto a PVDF membrane (Thermo Fisher Scientific, Life Technologies 
GmbH, D) in 1x Tank-Blot buffer at voltage of 90 V for 120 min (Tab. 14). The PVDF 





Tab. 14: Buffer for Western blot analysis. 
 
10x SDS running buffer 
Glycerol 144 g 
Tris 30 g 
SDS 10 g 
add 1 L ddH2O 
 
 
1x SDS running buffer 
10x SDS running buffer 100 ml 
add 1 L ddH2O 
 
 
10x Tank-Blot buffer 
Glycine 144.1 g 
Tris 30.3 g 
add 1 L ddH2O 
 
 
1x Tank-Blot buffer 
10x Tank-Blot buffer 100 ml 
Methanol 200 ml 
add 1 L ddH2O 
 
 
10x TBS buffer 
Sodium chloride 87.6 g 
Tris 12.1 g 




10x TBS buffer 100 ml 
Tween-20 500 µl 
add 1 L ddH2O 
 
  
After transfer, the PVDF membrane was incubated in 6 % (w/v) dry non-fat milk in TBST for 
30 min at room temperature to avoid unspecific binding of antibodies. For detection of 
phosphorylated proteins, the PVDF membrane was washed with TBST before the primary 
antibody in 5 % (w/v) BSA in TBST was added. For all other applications, the primary 
antibody was applied in 6 % (w/v) dry non-fat milk in TBST. The incubation took place at 4 °C 
overnight. After three times of washing with TBST, HRP-labeled secondary antibody in 
6 % (w/v) dry non-fat milk in TBST, or 5 % (w/v) BSA in TBST, was added at room 
temperature for 2 h. Subsequently, the PVDF membrane was washed again three times in 
TBST before detection of immunoreactive proteins via PierceTM SuperSignal West Pico or 
PierceTM SuperSignal West Femto enhanced chemiluminescence (ECL) solution by 






Tab. 15: Primary antibodies used for Western blot analysis. 
specificity host dilution clone / company 
𝜶𝜶-mouse ADAM17 (18.2) rabbit 1:1,000 polyclonal / Pineda (D) 
𝜶𝜶-mouse ADAM17 (10.1) rabbit 1:1,000 polyclonal / Pineda (D) 
𝜶𝜶-human ADAM17 rabbit 1:1,000 #3976 / Cell Signaling (USA) 
𝜶𝜶-human EGFR rabbit 1:1,000 D38B1 #4267 / Cell Signaling (USA) 
𝜶𝜶-human EGFR rabbit 1:10,000 EP38Y #528949 / Abcam (UK) 
𝜶𝜶-human pEGFR rabbit 1:1,000 D7A5 #3777 / Cell Signaling (USA) 
𝜶𝜶-human STAT3 mouse 1:1,000 124H6 #9137 / Cell Signaling (USA) 
𝜶𝜶-mouse pSTAT3 rabbit 1:2,000 D3A7 #9145 / Cell Signaling (USA) 
𝜶𝜶-mouse Actin mouse 1:10,000 Ac-15 #A5441 / Sigma-Aldrich (D) 
  
Tab. 16: HRP-labeled secondary antibodies for Western blot analysis. 
specificity host dilution clone / company 
𝜶𝜶-rabbit-IgG-POD goat 1:20,000 polyclonal / Dianova (D) 
𝜶𝜶-mouse-IgG-POD sheep 1:20,000 polyclonal / Dianova (D) 
  
Tab. 17: Primary antibodies used for IHC. 
specificity host dilution clone / company 
𝜶𝜶-MMP7 rat 1:400 Vanderbilt Antibody Resource 
𝜶𝜶-Ki-67 rabbit 1:400 D3B5#12202 / Cell signaling (USA) 
𝜶𝜶-ß-Catenin mouse 1:200 610154 / BD (D) 
𝜶𝜶-human Muc2 rabbit 1:400 H300#sc-15334/ Santa Cruz (USA) 
𝜶𝜶-human Lysozyme rabbit 1:200 A 0099 / Dako 
𝜶𝜶-human STAT3 rabbit 1:150 H190#sc-7179 / Santa Cruz (USA) 







Tab. 18: Fluorochrome-conjugated secondary antibodies for IHC. 
specificity host conjugate dilution clone / company 
𝜶𝜶-rabbit-FITC donkey FITC 1:100 polyclonal / Dianova (D) 
𝜶𝜶-rat-FITC donkey FITC 1:100 polyclonal / Dianova (D) 
𝜶𝜶-rat-Cy3 donkey Cy3 1:400 polyclonal / Dianova (D) 
𝜶𝜶-rabbit-Cy3 donkey Cy3 1:400 polyclonal / Dianova (D) 
  
HRP-labeled secondary antibodies for IHC were purchased from Empire Genomics (USA) by 




ELISA DuoSet Kits were purchased from R&D Systems (Wiesbaden, D) and 
Ready-SET-GO!® Kits were purchased from eBioscience (USA). All ELISA Kits were used 
according to manufacturers instructions. 
 
Tab. 19: ELISA kits 
ELISA company 
mouse Amphiregulin DY989 / R&D (USA) 
mouse IL-6 88-7064 / eBioscience (D) 
mouse IL-6R DY1830 / R&D (USA) 
mouse TNFRI DY425 / R&D (USA) 
mouse TNF alpha 88-7324 / eBioscience (D) 




For histological analysis, it is important to maintain intestinal morphology and crypt-villus 
architecture. Therefore, it is necessary to dissect the intestine quickly and gently and store it 
in a petri dish with ice-cold 1x PBS on ice. The junction between stomach and duodenum, 
and the junction between ileum and cecum were cut to get the whole small intestine. 
Afterwards, the junction between cecum and colon was cut to get the whole colon. The small 
intestine and colon were repeatedly flushed with ice-cold 1x PBS to remove digestive 
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enzymes and feces. Finally, pancreas, mesentery, blood vessels and fat on the surface of 
the intestine were removed. 
  
 
Fig. 12: Layout “Swiss role” preparation.  
The intestine was opened longitudinally, rolled up to a “Swiss role”, fixed and cut into sections. 
  
To examine the entire length of the small intestine or colon, the complete segment was 
opened longitudinally by using fine scissors (Fig. 12). Remaining feces were removed 
carefully by wet cotton sticks. To asses macroscopically the tumor number and distribution, 
the intestine was photographed with the Nikon AZ100 microscope and evaluated with the 
NIS-Elements D 4.12.01 software. Following this, the cleaned intestine was rolled up with 
forceps from cranial to caudal part to a “Swiss role” (Moolenbeek and Ruitenberg, 1981) and 
prepared as indicated in subchapter 2.6.1 or 2.6.4. 
 
2.6.1 FORMALIN-FIXED PARAFFIN-EMBEDDED TISSUE  
  
The small intestine and colon were gently flushed from the proximal end with ice-cold 
1x PBS. The intestine was opened longitudinally, rolled up with forceps to a “Swiss role” 
(Moolenbeek and Ruitenberg, 1981) and placed into an embedding cassette (Roth, D). The 
coiled tissue was fixed in 4 % PFA overnight, washed in H2O for 24 h and was dehydrated by 
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ascending alcohol series and Xylene incubation for paraffin-embedded sections as listed 
below (Tab. 20). 
 
Tab. 20: Ascending alcohol series for FFPE-tissue slides. 
Alcohol series time 
4 % PFA 24 h 
H2O oN 
50 % Ethanol 60 min 
70 % Ethanol 60 min 
96 % Ethanol I 30 min 
96 % Ethanol II 60 min 
100 % Ethanol I 90 min 
100 % Ethanol II 120 min 
Xylene I 90 min 
Xylene II 90 min 
Paraffin I 30 min 
Paraffin II oN 
Paraffin III 60 min 
Paraffin-embedding 
  
Formalin-fixed Paraffin-embedded (FFPE)-tissue blocks were stored at RT until usage. 
Intestinal tissue was sectioned with a microtome at 3-7 µm thickness and stained after 
deparaffinization (see subchapter 2.6.2) as indicated. 
 
2.6.2 HISTOLOGICAL STAINS OF FFPE-TISSUE 
  
To visualize cellular structures, FFPE-tissue were stained with Haematoxylin and Eosin (HE), 
Azan or Periodic acid-Schiff (PAS). At first, Formalin-fixed Paraffin-embedded (FFPE) 





Tab. 21: Layout for deparaffinization of FFPE-tissue slides. 
Deparaffinization time 
3x in Xylene 5 min each 
2x in 100 % Ethanol 10 min each 
1x in 95 % Ethanol 10 min  
1x in 70 % Ethanol 10 min  
1x in 50 % Ethanol 10 min  
1x in 30 % Ethanol 10 min  
2x in ddH2O 5 min each 
  
Haematoxylin as a basic dye stained acidic structures such as DNA in the nucleus or RNA in 
ribosomes purple. Vice versa, Eosin as an acidic dye stained acidophilic structures such as 
basic proteins in the cytoplasm pink. After deparaffinization and rehydration, FFPE-tissue 
slides were placed into commercially available Haematoxylin staining solution for 6 min. The 
slides were washed one time in ddH2O with 0.5 % (v/v) glacial acetic acid and one time in 
ddH2O for 10 sec each. After being kept in water for 6 min, the slides were placed in 
commercially available Eosin staining solution for 8 sec and excessive staining was removed 
by washing several times in ddH2O and ascending alcohol series (70 % Ethanol, 
96 % Ethanol) for 8 sec. each before Xylene treatment. Finally, the slides were covered with 
Eukitt®. 
Azan staining was performed to stain epithelium and connective tissue. Collagen, basement 
membranes and mucin were stained blue, nuclei were stained red and muscle as well as red 
blood cells were stained orange. FFPE-tissue slides were deparaffinized and rehydrated as 
described above and incubated in 0.1 % anilin-ethanol for 5 min. Subsequently, slides were 
washed first in Ethanol with 1.0 % (v/v) glacial acetic acid and afterwards in ddH2O. In the 
following 60 min the slides were incubated in 5 % phosphotungstic acid and washed in 
ddH2O. Subsequently, the slides were incubated in 1:3 diluted aniline blue orange G acetic 
acid for 60 min, washed in ddH2O and differentiated in 96 % Ethanol before being covered 
with Eukitt®. 
Periodic acid-Schiff (PAS) staining was utilized to identify carbohydrate macromolecules in 
tissue. The magenta stained structures are equivalent to goblet cells which produce mucin 
within the intestine. FFPE-tissue slides were oxidized in 0.8 % periodic acid solution for 
15 min and washed in ddH2O. Afterwards, slides were placed in commercially available 
Schiff reagent for 15 min and washed in ddH2O for 5 min to remove excessive staining. 
Counterstaining in commercially available Haematoxylin staining solution for 1 min was 
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performed. Slides were washed in ddH2O, dehydrated in ascending alcohol series and 
covered with Eukitt®. 
  
2.6.3 IMMUNOSTAINING OF FFPE-TISSUE 
  
For immunostaining, FFPE-tissue slides were deparaffinized as described in subchapter 
2.6.2. For antigen unmasking in form of heat induced epitope retrieval, two different protocols 
were used depending on primary antibody datasheet (Tab. 22). If necessary, endogenous 
peroxidase activity was quenched by short incubation of FFPE-tissue slides in 
3 % hydrogen peroxide. 
 
Tab. 22: Antigen retrieval buffer. 
 
Citrate buffer 
10 mM sodium citrate buffer pH 6.0 
boil slides for 10 min 




1 mM EDTA pH 8.0  
boil slides for 15 min 
no cooling necessary 
  
 
To limit the following volumes, the area of interest was encircled with a delimiting 
hydrophobic Dako Pen from DAKO (Agilent Technologies, USA). If permeabilization was 
desired, slides were incubated with 0.1 % (v/v) Triton X-100 in 1x PBS for 5 min. Specimen 
were blocked in 100 µl serum free protein block from DAKO (Agilent Technologies, USA). 
While blocking, primary antibody (Tab. 17) was diluted as indicated in antibody dilution 
solution from InvitrogenTM (Thermo Fisher Scientific, D) and incubated at 4 °C overnight. After 
three washing steps in 1x PBS for 5 min each, the fluorochrome-conjugated secondary 
antibody (Tab. 18), diluted as indicated in antibody dilution solution from InvitrogenTM 
(Thermo Fisher Scientific, D), was added in the dark for 2 h at RT. Sections were washed 
again three times in 1x PBS in the dark for 5 min each and rinsed briefly in deionized water 
before being mounted in ProLong® Gold antifade reagent with DAPI (Thermo Fisher 
Scientific, D). Slides were stored in the dark at RT until usage.  
If the protein of interest was targeted by a HRP-labeled secondary antibody, a 
DAB-Substrate-Solution (0.05 % 3,3'-diaminobenzidine, 0.015 % H2O2, 0.01 M PBS, pH 7.2) 
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was used to visualize labeled proteins by a brown precipitate. FFPE-tissue slides were 
covered with DAB-Substrate-Solution and incubated at RT for 1-3 min. During this time, the 
DAB substrate was oxidized in the presence of HRP and H2O2 which led to an 
alcohol-xylene-insoluble brown precipitate at the enzymatically active site of the HRP-labeled 
secondary antibody. Slides were rinsed in ddH2O, drained and covered with mounting 
medium. 
Further formalin-fixed paraffin-embedded (FFPE) tissues were stained in cooperation with 
the pathologist Prof. Dr. Lukas Kenner and the laboratory animal pathologist 
Dr. med. vet. Simone Roos at the University of Veterinary Medicine Vienna. 
  
2.6.4 CRYOSECTIONING TISSUE 
  
The small intestine and colon were gently flushed from the proximal end with cold 4 % PFA 
in PBS. The intestine was prepared to a “Swiss role” (see section 2.6), wrapped with wet 
KimwipeTM and fixed in cold 4 % PFA for 3 h at 4 °C. After removal of the KimwipeTM, the 
tissue was transferred to 30 % sucrose in 1x PBS overnight at 4 °C. Half of the 30 % sucrose 
was removed and replaced with Tissue-Tek® O.C.T.TM compound (Sakura, D) and incubated 
for 3 h at 4 °C. Before embedding, the intestine was spread on a glass plate, 
Tissue-Tek® O.C.T.TM compound (Sakura, D) was added on the tissue surface to act as glue 
and to prevent water crystallization. Subsequently, the intestine was rolled up with forceps 
from cranial to caudal to form a “Swiss role” (Moolenbeek and Ruitenberg, 1981) again and 
placed in the center of Tissue-Tek® Cryomold® (Sakura, D) with 
Tissue-Tek® O.C.T.TM compound (Sakura, D) on dry ice in methylbutane until 
Tissue-Tek® O.C.T.TM compound and tissue were frozen. The frozen blocks were stored 
at -80 °C until sectioning. 
  
2.6.5 IMMUNOSTAINING OF CRYOSECTIONING TISSUE 
  
Cryoblocks were sectioned with a cryotome at 5-7 µm thickness. Cryosection slides had to 
equilibrate at RT for 15-30 min. To limit the following volumes, the area of interest was 
encircled with a delimiting hydrophobic Dako Pen from DAKO (Agilent Technologies, USA). 
Optionally, sections were permeabilized for 30 min at RT in 100 µl 0.1 % (v/v) Triton X-100 in 
1x PBS. Slides were blocked for 1 h at RT in 100 µl 5 % (v/v) normal donkey serum 
(Dianova, D) in 0.1 % Triton X-100 in 1x PBS. Afterwards the sections were incubated with 
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primary antibody (Tab. 17) diluted in blocking buffer containing 5 % (v/v) donkey serum in 
0.1 % (v/v) Triton X-100 in 1x PBS overnight at 4 °C. After three washing steps in 
0.1 % Triton X-100/PBS for 10 min each, the sections were incubated with 
fluorochrome-conjugated secondary antibody (Tab. 18) diluted in blocking buffer containing 
5 % (v/v) donkey serum in 0.1 % Triton X-100/PBS in the dark for 1 h at RT. Sections were 
washed again three times in 0.1 % Triton X-100/PBS in the dark for 10 min each and rinsed 
briefly in deionized water before being mounted in ProLong® Gold antifade reagent with DAPI 
(Thermo Fisher Scientific, D). Slides were stored in the dark at RT until usage.  
  
2.6.6 LASER MICRODISSECTION 
  
In cooperation with Prof. Dr. med. Jürgen Westermann from the University of Lübeck laser 
microdissection experiments were performed. This method allowed to isolate specific areas 
or cells of interest from microscopic slides with the help of a laser to get pure enriched tissue 
of interest or cell populations. 
In preparation for laser microdissection, mice were sacrificed and the intestines were 
removed quickly following thorough washing with ice-cold 1x PBS on ice to remove feces. 
Thereupon, the intestine was opened longitudinally, spread on a glass plate and Tissue-
Tek® O.C.T.TM compound (Sakura, D) was added on the tissue surface. The intestine was 
rolled up with forceps to a “Swiss role” (Moolenbeek and Ruitenberg, 1981) and directly 
placed in the center of Tissue-Tek® Cryomold® (Sakura, D) with 
Tissue-Tek® O.C.T.TM compound (Sakura, D) on dry ice in methylbutane until 
Tissue-Tek® O.C.T.TM compound and tissue were completely frozen. Cryoblocks were stored 
at -80 °C until cryosectioning. Freshly prepared cryosections (12 µm thick) were placed on 
special glass membrane slides and stained with Toluidine blue. A laser coupled microscope 
was used to cut out the tissue area of interest. The dissected tissue area was collected and 
directly lysed in innuPREP RNA Kit lysis buffer (see subchapter 2.4.1). 
 
2.6.7 TUMOR STAGING 
  
Tumor staging was performed in cooperation with the pathologist Prof. Dr. Lukas Kenner and 
the laboratory animal pathologist Dr. med. vet. Simone Roos at the University of Veterinary 
Medicine Vienna. Required stainings were also implemented at the University of Veterinary 
Medicine Vienna. 
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 2.7 CELL CULTURE 
  
Cells were cultured in individual Dulbecco Modified Eagle Medium (DMEM), high glucose 
(4.5 g/l), supplemented with 10 % (v/v) FCS and 50 U/ml Pen/Strep in a 37 °C incubator at 
5 % CO2 air content and 90 % relative humidity. All cells were subcultivated at a ratio of 1:10 
twice a week. Adherent cells were detached by medium removal and incubation with 
Trypsin/EDTA solution for 5 min at 37 °C. Detached cells were transferred to new 10 cm 
dishes with fresh 10 ml culture medium. 
  
2.7.1 HUMAN COLORECTAL CANCER CELLS  
  
All human colorectal cancer cells used in this work were cultured in Iscove´s Modified 
Dulbecco´s Medium (IMEM), supplemented with 10 % (v/v) FCS, 1 % (v/v) sodium pyruvate, 
50 U/ml Pen/Strep in a 37 °C incubator at 5 % CO2 air content and 90 % relative humidity.  
 
Tab. 23: List of human colorectal cancer cells. 
cell line cell type note 
HCA-7 epithelial kindly provided by Prof. Dr. Stephan Michael Feller * 
HDC-8 epithelial kindly provided by Prof. Dr. Stephan Michael Feller * 
HDC-9 epithelial kindly provided by Prof. Dr. Stephan Michael Feller * 
HDC-111 epithelial kindly provided by Prof. Dr. Stephan Michael Feller * 
HDC-135 epithelial kindly provided by Prof. Dr. Stephan Michael Feller * 
HT-29 epithelial ATCC®, HTB-38TM (USA) 
Caco2 epithelial ATCC®, HTB-37 TM (USA) 
* PMID18950493 
  
2.7.2 TREATMENT OF HUMAN COLORECTAL CANCER CELLS 
  
For experiments 3.0 x 106 cells were seeded in a 5 cm dish with 2.5 ml medium and allowed 
to adhere overnight. For inhibitor experiments, cells were washed three times with 1x PBS 
and inhibitors were added as indicated in Tab. 24 in serum free medium for 24 h. EGF 
stimulation in serum free medium took place 10 min before harvesting. For ELISA analysis, 
cell supernatants were collected, centrifuged at 1,000 x g for 5 min, transferred to a new tube 
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and stored at -20 °C until usage. Adherent cells were washed with 1x PBS, scraped off and 
lysed in lysis buffer including sodium orthovanadate at 4 °C for 4 h. To enrich glycosylated 
proteins, a Concanavalin A precipitation was optionally implemented.  
 
Tab. 24: Chemicals used for hCRC cell treatment. 
chemicals final conc. 
GI254023X 3 µM 
GW280264 3 µM 
Marimastat 10 µM 
AG1478 10 µM 




Histological evaluation was done by using the Nikon AZ100 microscope and 
NIS-Elements D 4.12.01 software. Tumor staging was carried out in a blinded fashion by 
pathologists. Results were represented including their standard deviation. Significances were 
calculated by Student´s unpaired t-test with Welch´s correction, Mann Whitney test or two 
data sets and ANOVA followed by Tukey post hoc tests or Bonferroni posttest for multiple 
data sets by using GraphPad Prism 6 software. Differences were considered significant if 
p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***).  
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CHAPTER THREE: RESULTS 
  
3.1 THE ROLE OF ADAM17 IN HUMAN COLORECTAL CANCER CELLS 
  
In order to analyze the role of ADAM17 in intestinal epithelial cells (IEC) during 
tumorigenesis, seven epithelial human colorectal cancer (CRC) cell lines were investigated 
(Tab. 23).  
  
3.1.1 mRNA CODING FOR EGFR AND AMPHIREGULIN ARE UPREGULATED IN HUMAN CRC 
  
RNA was isolated from human colorectal cancer (CRC) cells and analyzed separately. First, 
genes related to the ErbB receptor tyrosine kinase family and ErbB ligands were studied. 
The mRNA levels of ErbB1, also known as EGFR, were found to be markedly increased in all 
tested human colorectal cancer cells. The other members of the ErbB receptor tyrosine 
kinase family named ErbB2, ErbB3 and ErbB4 showed no comparable upregulation of 
mRNA transcripts in the analyzed human colorectal cancer cells (Fig. 13).  
Moreover, mRNA levels of the ErbB ligands Amphiregulin (AREG) and Epiregulin (EREG) 
were elevated in human CRC. However, ErbB ligands like Betacellulin (BTC), Epidermal 
growth factor (EGF), Transforming growth factor alpha (TGF-α) and Neuregulin-2 (NRG-2) 
showed no increased mRNA levels (Fig. 13). 
There was no significant difference between the epithelial human colorectal cancer cell lines, 
meaning that all tested cell lines had comparable mRNA signatures regarding ErbB receptor 




Fig. 13: qRT-PCR analysis of epidermal growth factor receptors and corresponding ligands in 
human CRC cells.  
Quantitative real-time PCR showed increased mRNA levels of a subset of ErbB receptor tyrosine 
kinases (EGFR-ErbB4) and ErbB ligands (BTC, Betacellulin; EGF, Epidermal growth factor; AREG, 
Amphiregulin; EREG, Epiregulin; TGF-α, Transforming growth factor alpha; NRG-2, Neuregulin-2) in 
indicated human colorectal cancer cells. qRT-PCR data were normalized to GAPDH. 
  
Additionally, as shown in Fig. 14, ADAM17 mRNA levels were elevated in human colorectal 
cancer cells. HCA-7 cells, HDC-8 cells, HDC-135 cells and Caco2 cells revealed higher 
ADAM17 mRNA levels than ADAM10 mRNA level. In HDC-9 cells and HDC-111 cells a vice 




Fig. 14: qRT-PCR analysis of ADAM17 and ADAM10 in human CRC cells. 
qRT-PCR analysis revealed elevated amounts of ADAM17 and ADAM10 in indicated human colorectal 
cancer cells. qRT-PCR data were normalized to GAPDH. 
  
To further validate the quantitative real-time PCR results, the protein expression of selected 
genes of interest was analyzed. 
  
3.1.2 PROTEIN EXPRESSION OF ADAM17 AND EGFR IN HUMAN CRC IS VERIFIABLE 
  
The increase in ADAM17 mRNA levels in human CRC cells should lead to higher ADAM17 
protein expression in these cells. If this is indeed the case, ADAM17 protein expression was 
assessed by Western blot analysis. As shown in Fig. 15, the human CRC cells showed a 
varying intensity of ADAM17 protein expression. As expected, ADAM17 protein expression 
levels in HCA-7 cells and HDC-135 cells were higher than in HDC-9 cells. Surprisingly, 
HT-29 cells and HDC-111 cells showed very low amounts of ADAM17 protein expression 
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despite increased mRNA levels detected by qRT-PCR result. However, ADAM17 protein 
expression in HDC-8 cells was increased compared to expression levels in Caco2 cells and 
HDC-9 cells.  
 
 
Fig. 15: ADAM17 protein expression in human CRC cells.  
Indicated human CRC cells were lysed and 1 mg of total protein was concentrated by Concanavalin A 
precipitation. ADAM17 protein expression was assessed by Western blot analysis using an 
anti-ADAM17 antibody (#3976). 
  
Additionally, protein expression of the EGFR was assessed in human CRC cells (Fig. 16). In 
line with the detected mRNA levels shown in Fig. 13, EGFR protein expression could be 
verified in all human CRC cell lines. HDC-8 cells and HDC-135 cells show the highest EGFR 
protein expression within the tested cell lines and these findings match with the previously 
assessed mRNA levels. Protein expression of EGFR in HDC-111 cells and Caco2 cells was 
lower than expected after mRNA analysis. However, the EGFR protein expression in 




Fig. 16: EGFR protein expression in human CRC cells.  
Indicated human CRC cells were lysed and 50 µg of total protein were analyzed. EGFR protein 
expression was assessed by Western blot analysis using an anti-EGFR antibody (#4267). 
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To validate a connection between ADAM17 protein expression and a possible activation of 
the EGFR, the level and the role of the EGFR ligand Amphiregulin and ADAM17-mediated 
shedding was evaluated. 
 
3.1.3 INHIBITION OF ADAM17 SUPPRESSES EGFR PHOSPHORYLATION IN HUMAN CRC 
CELLS 
  
In the following experimental setup, selected human CRC cells, namely HCA-7 cells, were 
treated with metalloprotease inhibitors (Tab. 24) and stimulated with EGF as positive control 
to assess the influence of ADAM17-mediated Amphiregulin shedding on EGFR activation. 
EGFR protein expression was confirmed by Western blot analysis (Fig. 17 A lower panel). In 
addition, the activation of the EGFR was verified by detection of phosphorylated Tyrosine (Y) 
at the position 1068 via Western blot analysis (Fig. 17 A upper panel).  
The EGFR inhibitor AG1478 lead to reduced protein levels of phosphorylated EGFR and 
serves as negative control. Conversely, stimulation with EGF activated the EGFR and an 




Fig. 17: Inhibition of ADAM17 leads to decreased Amphiregulin shedding.  
HCA-7 cells were seeded at a density of 3.0 x 106 cells and starved for 24 h in presence or absence of 
the pan-metalloprotease inhibitor MM (Marimastat, 10 µM), the metalloprotease inhibitors GI 
(GI254023X, ADAM10-selective, 3 µM) and GW (GW280264X, ADAM10- and ADAM17-selective, 
3 µM) or the EGFR and ErbB2 kinase inhibitor AG1478 (10 µM). EGF (100 ng/ml) stimulated cells 
served as positive control. (A) Tyrosine-phosphorylated EGFR was assessed by Western blot analysis 
using a monoclonal anti-pEGFR Tyr1068 (#3777) antibody and EGFR was assessed by Western blot 
analysis using a anti-EGFR (#4267) antibody. (B) Soluble Amphiregulin was measured by ELISA in 
the conditioned media of indicated cell lines. 1way ANOVA with Tukey´s multiple comparison test. 
  
To investigate the dependence of Amphiregulin shedding on ADAM17 inhibition, HCA-7 cells 
were treated with a broad-spectrum matrix metalloprotease inhibitor (Marimastat) and 
selective inhibitors for ADAM10 (GI) or ADAM10 and ADAM17 (GW). To determine the 
amount of soluble Amphiregulin, the cell supernatant was harvested and measured by ELISA 
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(Fig. 17 B). The amount of soluble Amphiregulin was not drastically affected by GI treatment 
and the resulting ADAM10 inhibition. 
Conversely, if ADAM17 was inhibited by Marimastat and GW treatment, the amount of 
soluble Amphiregulin was markedly decreased. In line with these observations, EGFR 
phosphorylation at Tyrosine Y1068 was clearly diminished after Marimastat and GW 
treatment in HCA-7 cells.  
In line with Tyrosine Y1068 phosphorylation of EGFR as well as accumulation of soluble 
AREG in the cell supernatant, the results confirmed that ADAM17-AREG-EGFR-axis is 
dependent on ADAM17-activity. 
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3.2 THE ROLE OF ADAM17 IN INFLAMMATION ASSOCIATED COLORECTAL CANCER 
  
The in vitro human colorectal cancer cell experiments (see section 3.1) demonstrated the link 
between ADAM17-regulated Amphiregulin shedding on intestinal epithelial cells and 
diminished activation of the EGFR after ADAM17 inhibition. This knowledge, however, may 
not lead to improved cancer patient treatment without further in vivo studies. The usage of 
genetically engineered mouse models has made the examination and understanding of 
in vivo processes possible.  
For that reason, the hypomorphic ADAM17ex/ex mice (see subchapter 2.1.1) were generated 
by Chalaris et al. to obtain a mouse with markedly reduced ADAM17 protein expression in all 
tissues. The hypomorphic ADAM17ex/ex mice were utilized to elucidate whether minimized 
ADAM17 protein expression influences tumor formation in the colon after 
AOM/DSS-treatment in vivo. 
In order to assess ADAM17 mRNA levels in different organs, RNA from ADAM17wt/wt control 
mice was isolated and measured by quantitative real-time PCR (Fig. 18).  
 
 
Fig. 18: mRNA levels of ADAM17 in different mouse tissues.  
qRT-PCR analysis revealed different amounts of ADAM17 in indicated organs of ADAM17wt/wt mice. 
qRT-PCR data were normalized to the housekeeping gene GAPDH. 
  
ADAM17 mRNA was identified in all examined organs such as in the kidney, liver, spleen 
and small intestine. The mRNA levels of ADAM17 in the brain and lung were slightly 
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increased, but markedly enhanced in the heart and colon. These results were the reason to 
investigate the role of ADAM17 in the intestine during colitis-associated colorectal cancer. 
 
3.2.1 LOSS OF ADAM17 ENHANCES INFLAMMATION IN COLITIS-ASSOCIATED CANCER 
  
In order to analyze the physiological role of ADAM17 during colitis-associated colorectal 
cancer, hypomorphic ADAM17ex/ex mice and ADAM17wt/wt control mice were exposed to 
AOM/DSS-treatment as explained in subchapter 2.2.1. 
As required, all mice were monitored during AOM/DSS-treatment because more than 
25 % weight loss was a legally defined termination criterion. The body weight of each mouse 
was documented daily during DSS-administration and the following seven days as well as 
during AOM-administration at day 0 and 21 (Fig. 19).  
 
 
Fig. 19: Weight curve of AOM/DSS-treated hypomorphic ADAM17ex/ex mice.  
Body weight was assessed during AOM/DSS-treatment for each mouse and converted in percentage 
terms referred to day 0. ADAM17wt/wt mice (n=26) and ADAM17ex/ex mice (n=28). 
 
Approximately four to five days after the start of DSS-administration the mice lost body 
weight. This effect was enhanced in hypomorphic ADAM17ex/ex mice compared to 
ADAM17wt/wt control mice in each DSS-cycle. Upon DSS-administration the intestinal 
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epithelium started to regenerate and four to five days after DSS-administration the mice 
gained body weight again.  
The observed weight loss was accompanied by pathologically altered stool character and 
occult blood. One day before DSS-treatment, feces from each mouse were analyzed for 
occult blood by Guaiac-based Haemoccult® test and rated for scoring. Feces samples from 
each mouse on the last day of DSS-treatment were analyzed in the same way. 
  
 
Fig. 20: Occult blood score of AOM/DSS-treated hypomorphic ADAM17ex/ex mice.  
Occult blood was measured by Haemoccult® test. Test was done during AOM/DSS-treatment for each 
mouse. Occult blood was scored as follows: [0, negative Haemoccult®; 1, positive Haemoccult®; 2, 
macroscopic visible traces of blood; 3, rectal bleeding]. ADAM17wt/wt mice (n=26) and 
ADAM17ex/ex mice (n=28). 2way ANOVA with Bonferroni posttest. 
  
Scoring for occult blood shown in Fig. 20 revealed an increased score in hypomorphic 
ADAM17ex/ex mice, while ADAM17wt/wt control mice were protected from rectal bleeding in 
response to AOM/DSS-treatment. After the first DSS-cycle, hypomorphic ADAM17ex/ex mice 
never reached a negative Haemuccult® score again, whereas ADAM17wt/wt control mice 
regained a score lower than 1. ADAM17wt/wt control mice showed a basal positive 
Haemuccult® score starting at the third DSS-cycle.  
The delay in regeneration of the inflamed intestinal epithelium was demonstrated by the 
presence of diarrhea only in hypomorphic ADAM17ex/ex mice after DSS-treatment, whereas 
ADAM17wt/wt control mice had soft but well-formed feces (Fig. 21).  
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Fig. 21: Stool consistency score of AOM/DSS-treated hypomorphic ADAM17ex/ex mice. 
Stool character is scored as follows: [0, normal; 1, soft with well-formed pellets; 2, soft without pellets; 
3, diarrhea]. Test was done during AOM/DSS-treatment for each mouse. ADAM17wt/wt mice (n=26) and 
ADAM17ex/ex mice (n=28). 
  
In response to DSS-challenge, hypomorphic ADAM17ex/ex mice showed severe hallmarks for 
inflammation like diarrhea or rectal bleeding accompanied by enhanced weight loss, while 
ADAM17wt/wt control mice showed little signs of inflammation indicated by moderate weight 
loss, soft stool and positive Haemoccult® test.  
DSS-induced inflammation leads to a disruption of the intestinal epithelial barrier and thereby 
to the initiation of an inflammatory response. All three clinical signs of inflammation like 
weight loss, occult blood and stool consistency were rated for each mouse and Fig.d up to a 
clinical activity score for the classification of colitis activity (Fig. 22). A significant increase in 
the clinical activity score of hypomorphic ADAM17ex/ex mice could be observed in comparison 
to ADAM17wt/wt control mice after the first cycle of DSS-treatment. In the course of the 
second and third cycle of DSS-treatment, the clinical activity score of ADAM17wt/wt control 




Fig. 22: Clinical activity score of AOM/DSS-treated hypomorphic ADAM17ex/ex mice. 
Assessment of body weight loss, stool consistency and the presence of occult blood by Haemoccult® 
test. Test was done during AOM/DSS-treatment for each mouse. Body weight change is scored as 
follows: [0, no change; 1, 1 %-5 % weight loss; 2,5 %-10 % weight loss; 3, 10 %-20 % weight loss; 4, 
> 20 % weight loss]. Stool character is scored as follows: [0, normal; 1, soft with well-formed pellets; 2, 
soft without pellets; 3, diarrhea]. Occult blood was scored as follows: [0, negative Haemoccult®; 1, 
positive Haemoccult®; 2, macroscopic visible traces of blood; 3, rectal bleeding]. These scores were 
added to generate a clinical activity score ranging from 0 to 10. ADAM17wt/wt mice (n=26) and 
ADAM17ex/ex mice (n=28). 2way ANOVA with Bonferroni posttest. 
  
To investigate if the lack of ADAM17 has an impact on the survival of AOM/DSS-treated 
hypomorphic ADAM17ex/ex mice and ADAM17wt/wt control mice, all challenged mice were 
assessed according to their survival until the end of the experiment (Fig. 23). Because of 
weight loss, rectal bleeding or bowel prolapse induced by tumors, 30 % of the 
ADAM17ex/ex mice were sacrificed earlier than 90 days. Only 5 % of the ADAM17wt/wt control 
mice became moribund during AOM/DSS-treatment.  
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Fig. 23: Kaplan-Meier survival curve for hypomorphic ADAM17ex/ex mice during 
AOM/DSS-treatment. 
Mice which become moribund during AOM/DSS-treatment due to weight loss, enhanced rectal 
bleeding, diarrhea and/or bowel prolapse were sacrificed earlier than 90 days. ADAM17wt/wt mice 
(n=26) and ADAM17ex/ex mice (n=28). Gehan-Breslow-Wilcoxon Test (*) p = 0.0377. 
  
In accordance with the clinical activity score (Fig. 22) observed in hypomorphic 
ADAM17ex/ex mice, the colon tissue of hypomorphic ADAM17ex/ex mice was thicker and tighter 
than colon tissue from less inflamed ADAM17wt/wt mice (Fig. 24 B). Furthermore, the colon 
length was significantly shorter compared to ADAM17wt/wt mice, which was a strong indication 
for intestinal inflammation (Fig. 24 A).  
  
 
Fig. 24: Colon length from hypomorphic ADAM17ex/ex mice after AOM/DSS-treatment.  
Entire length of removed colon from each mouse was assessed and (A) quantified after necropsy at 
day 90 of the CAC model. (B) Representative images of removed colons after AOM/DSS-treatment 





 DSS-induced inflammation leads to disruption of the intestinal barrier function and thereby to 
infiltration of commensal bacteria and subsequently immune cells into the lamina propria 
(Suzuki et al., 2006). HE stained tissue sections of AOM/DSS-treated mice were examined 
for frequency of infiltrated inflammation-related immune cells (Fig. 25 B). Severe 
inflammatory infiltration described by inflammation score 3 was dominantly detected in 
AOM/DSS-treated hypomorphic ADAM17ex/ex mice. AOM/DSS-treated ADAM17wt/wt control 
mice harbored an inflammation score between 0-1, which stands for no up to mild 
inflammatory infiltrate and matched with the results of the previous tests for inflammation 
parameters (Fig. 25 A). 
  
 
Fig. 25: Inflammation score of AOM/DSS-treated hypomorphic ADAM17ex/ex mice.  
(A) Grading of inflammatory infiltrate in colon tissue [0, no infiltrate; 1, mild infiltrate; 2, moderate 
infiltrate; 3, severe infiltrate] and (B) representative images. ADAM17wt/wt mice (n=10) and 
ADAM17ex/ex mice (n=8). Unpaired t test. 
  
The hypomorphic ADAM17ex/ex mice, with markedly reduced ADAM17 protein expression in 
all tissues, suffered from more severe intestinal inflammation accompanied by increased 
tissue damage and less survival in response to AOM/DSS-treatment. 
Correlating with significantly increased signs of inflammation in hypomorphic 
ADAM17ex/ex mice, inflammatory cells were recruited to the tumor tissue. In contrast, immune 




3.2.2 GENETIC ADAM17 INACTIVATION AFFECTS TUMOR INCIDENCE IN THE AOM/DSS 
MODEL 
  
Carcinogen-induced colon cancer in mice is a reliable model to mimic human tumor initiation 
and tumor progression. Azoxymethane (AOM) is an indirectly acting pro-carcinogen which 
requires metabolic activation by enzymatic conversion mediated through commensal 
bacteria. If AOM is enzymatically converted into the reactive metabolite 
methylazoxymethanol (MAM), the activated carcinogen alters DNA molecules by alkylation or 
methylation leading to DNA mispairing. As a result, AOM is able to induce DNA damage 
specific within the intestinal epithelium of the colon. (Delker et al., 1998, Rosenberg et al., 
2009, Tanaka et al., 2003, Neufert et al., 2007).  
AOM/DSS-treated mice were sacrificed after 90 days and the colon tissue was analyzed for 
tumor burden. Examples for macroscopic analysis by incident light and transmitted light as 
well as microscopic analysis of Azan stained tissue sections showed that AOM/DSS-treated 
mice mostly developed distal colonic tumors (Fig. 26). Separated tumors from 
AOM/DSS-treated ADAM17wt/wt control mice showed distinct boundaries and indication of 
vascularization. The surrounding non-tumor tissue was thin and sheer and looked healthy. In 
hypomorphic ADAM17ex/ex mice, thickened colon tissue without distinct boundaries was 
observed in proximity to extensive tumor areas.  
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Fig. 26: Representative images of the colon from AOM/DSS-treated hypomorphic 
ADAM17ex/ex mice.  
Representative images of (A) incident light, (B) transmitted light unstained tissue from colon of 
AOM/DSS-treated mice. (C) Representative Azan trichrome-stained distal colonic sections at day 90 
after AOM/DSS-treatment. ADAM17wt/wt mice (n=26) and ADAM17ex/ex mice (n=28). 
 
Furthermore, Azan stained tissue sections of hypomorphic ADAM17ex/ex mice revealed 
different tumor morphology compared with ADAM17wt/wt control mice.  
The different tumor morphology was investigated in more detail by microscopic 
histopathological analysis in cooperation with the pathologists Prof. Dr. Lukas Kenner and 
Dr. med. vet. Simone Roos from University of Veterinary Medicine Vienna. For that reason, 
FFPE-tissue was HE stained and evaluated for tumor staging (Fig. 27).  
Microscopic histopathological analysis showed that AOM/DSS-treatment initiates the 
formation of flat low grade dysplasia in colonic epithelial cells. The number of low grade 
dysplasia in AOM/DSS-treated hypomorphic ADAM17ex/ex mice and ADAM17wt/wt control mice 
was similar with a mean of four low grade dysplasia per mice. However, hypomorphic 
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ADAM17ex/ex mice showed a significantly higher number of high grade dysplasia with a mean 
of five per mouse than ADAM17wt/wt control mice with a mean of one high grade dysplasia per 
mouse. The difference in carcinoma tumor stages between hypomorphic ADAM17ex/ex mice 
and ADAM17wt/wt control mice was even more pronounced as only hypomorphic 
ADAM17ex/ex mice showed carcinoma formation within the colon after AOM/DSS-treatment. 
The different tumor stages were defined by elongated and branched crypts with comparative 
reduced stroma and preserved cell polarity in low grade dysplasia, irregular glands and 
nuclear membranes associated with non-existent cell polarity in high grade dysplasia plus 
penetration of the lamina muscularis mucosae in carcinoma tumor stage (Boivin et al., 2003). 
 
 
Fig. 27: Tumor number and staging from AOM/DSS-treated hypomorphic ADAM17ex/ex mice.  
(A) Number of neoplasia of ADAM17wt/wt mice (n=26) and ADAM17ex/ex mice (n=28) and (B) tumor 
staging from lesions of ADAM17wt/wt mice (n=5) and ADAM17ex/ex mice (n=4) after necropsy at day 90 
of the CAC model. Mann Whitney test. 
 
In accordance with the macroscopic observations from Fig. 26 the microscopically measured 
tumor sizes in hypomorphic ADAM17ex/ex mice was increased 2-3-fold compared to 
ADAM17wt/wt control mice (Fig. 28). 
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Fig. 28: Tumor number and size from AOM/DSS-treated hypomorphic ADAM17ex/ex mice.  
Size of low grade dysplasia, high grade dysplasia and carcinoma of mice after necropsy at day 90 of 




3.3 THE ROLE OF ADAM17 IN THE GENETICALLY PREDISPOSED APCMIN/+ INTESTINAL 
CANCER MODEL 
 
The results from experiments with human colorectal cancer cells in vitro (chapter 3.1.) and 
hypomorphic ADAM17ex/ex mice in vivo (chapter 3.2.) reveal the influential role of ADAM17 in 
colorectal cancer. In order to assess the influence of ADAM17 on colon cancer development 
without association to inflammation and chronic colitis, the genetically predisposed 
ApcMin/+ mouse model was analyzed. The ApcMin/+ mouse is an established model of human 
colorectal cancer without inflammation-related onset. 
 
3.3.1 ESTABLISHMENT OF THE APCMIN/+ADAM17ex/ex MOUSE MODEL  
 
For generation of the genetically predisposed ApcMin/+ADAM17ex/ex colon cancer mouse 
model, ApcMin/+ mice were crossbred with hypomorphic ADAM17ex/ex mice or 
ADAM17wt/wt mice as control. The F1 littermates ApcMin/+ADAM17wt/ex and ApcMin/+ADAM17wt/wt 
were crossbred again with ADAM17ex/ex mice or ADAM17wt/wt mice. The following genotypes 
were obtained: ApcMin/+ADAM17ex/ex and ApcMin/+ADAM17wt/wt as well as corresponding 
Apc+/+ wildtype mice. In consequence of the hypomorphic ADAM17ex/ex mice phenotype, the 
ApcMin/+ADAM17ex/ex mice show hair, skin, heart and epithelial abnormalities, open eye lids 
and limitations in their fertility (Chalaris et al., 2010). 
These newly bred mice reveal whether lack of ADAM17 influences tumor development in the 
intestine of the ApcMin/+ mouse model. To determine the exact genotype, each mouse was 
controlled by Genotype-PCR (Tab. 3 and Tab. 4). In addition to that, small intestinal tissue 
lysates of the generated ApcMin/+ADAM17ex/ex and ApcMin/+ADAM17wt/wt mice were examined 




Fig. 29: ADAM17 protein expression in the small intestine from ApcMin/+ADAM17wt/wt mice and 
hypomorphic ApcMin/+ADAM17ex/ex mice. 
Small intestinal tissue from indicated mice was lysed and 50 µg of total protein were analyzed. 
ADAM17 protein expression was assessed by Western blot analysis using a polyclonal anti-ADAM17 
antibody (18.2). 
  
The Western blot analysis from intestinal tissue lysates verified the lack of ADAM17 protein 
expression in ApcMin/+ADAM17ex/ex mice (Fig. 29), whereas endogenous ADAM17 protein 
expression within the small intestine of ApcMin/+ADAM17wt/wt mice was verifiable. 
 
3.3.2 REDUCED INITIATION OF SPORADIC INTESTINAL TUMORIGENESIS IN 
APCMIN/+ADAM17ex/ex MICE 
 
Tumorigenesis in ApcMin/+  mice occurs when the remaining wildtype Apc allele is lost by 
chance via LOH over time (Hursting et al., 1999). It was described previously that impaired 
EGFR signaling in ApcMin/+ mice reduces the number of neoplasia in the small intestine 
(Roberts et al., 2002). 
The obtained ApcMin/+ADAM17ex/ex and ApcMin/+ADAM17wt/wt mice indeed developed colorectal 
cancer and were first analyzed by macroscopic observations. The mice were sacrificed at the 
age of six months. After necropsy, the intestine was removed, washed thoroughly, opened 
longitudinally and placed mucosa surface side up for transmitted light microscopy (Fig. 30 A). 
The number of neoplasia as well as the size of neoplasia were determined and evaluated 
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with the Nikon AZ100 microscope and NIS-Elements D 4.12.01 software. The number of 
neoplasia was found to be already significantly reduced in ApcMin/+ADAM17ex/ex mice 
compared to ApcMin/+ADAM17wt/wt control mice (Fig. 30 B). Nevertheless, the size of neoplasia 
in ApcMin/+ADAM17ex/ex mice was not altered when compared with ApcMin/+ADAM17wt/wt control 
mice (Fig. 30 C). 
 
 
Fig. 30: Gross pathology of neoplasia in the small intestine from ApcMin/+ADAM17wt/wt mice and 
hypomorphic ApcMin/+ADAM17ex/ex mice.  
(A) Neoplasia number was determined macroscopically in the small intestine. (B) Quantification of 
tumor number and (C) size of neoplasia throughout the small intestine. ApcMin/+ADAM17wt/wt mice 
(n=15) and ApcMin/+ADAM17ex/ex mice (n=14) six months of age. Mann Whitney test. 
 
Furthermore, the distribution of neoplasia in the intestine of ApcMin/+ADAM17ex/ex mice and 
ApcMin/+ADAM17wt/wt control mice was assessed. For both genotypes, no significant difference 
regarding neoplasia distribution between duodenum, jejunum or ileum were measurable. In 
some cases, neoplasia in the colon were detected as well as in the small intestine of 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt control mice (Fig. 31). However, there was 
no significant difference in the number or size of neoplasia in the colon in both genotypes 




Fig. 31: Distribution of neoplasia within the small intestine from ApcMin/+ADAM17wt/wt mice and 
hypomorphic ApcMin/+ADAM17ex/ex mice.  
The number of neoplasia was determined macroscopically within the small intestine (duodenum, 
jejunum, ileum) and colon of (A) ApcMin/+ADAM17wt/wt mice (n=15) and (B) ApcMin/+ADAM17ex/ex mice 
(n=14).  
 
Efficient reduction of neoplasia formation in ApcMin/+ADAM17ex/ex mice compared with 
ApcMin/+ADAM17wt/wt control mice was microscopically confirmed by HE (Fig. 32 A) staining as 
well as Azan staining (Fig. 32 B). The morphological shape of neoplasia in 
ApcMin/+ADAM17ex/ex mice was different compared to ApcMin/+ADAM17wt/wt control mice. 
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Fig. 32: Representative images of small intestinal tissue from ApcMin/+ADAM17wt/wt mice and 
hypomorphic ApcMin/+ADAM17ex/ex mice.  
(A) Haematoxylin and eosin (HE) stained and (B) Azan trichrome-stained small intestines demonstrate 
distribution of neoplasia in ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice. 
ApcMin/+ADAM17wt/wt mice (n=15) and ApcMin/+ADAM17ex/ex mice (n=14). 
 
In order to analyze the establishment of an inflammatory microenvironment in 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice, histological sections of neoplasia 






Fig. 33: Grading of inflammatory infiltrate in neoplasia from ApcMin/+ADAM17wt/wt mice and 
hypomorphic ApcMin/+ADAM17ex/ex mice. 
(A) Inflammatory scoring (0, no infiltrate; 1, mild infiltrate; 2, moderate infiltrate; 3, severe infiltrate). (B) 
Representative images of haematoxylin and eosin (HE) stained tissue. ApcMin/+ADAM17wt/wt mice 
(n=10) and ApcMin/+ADAM17ex/ex mice (n=8). Unpaired t test. 
 
Enhanced recruitment of infiltrating immune cells was neither observed in neoplasia of 
ApcMin/+ADAM17ex/ex mice nor in neoplasia of ApcMin/+ADAM17wt/wt control mice. Only two 
ApcMin/+ADAM17wt/wt control mice showed a mild infiltration of immune cells within neoplasia 
tissue. 
 
3.3.3 LOSS OF ADAM17 PREVENTS CARCINOMA FORMATION IN APCMIN/+ADAM17ex/ex MICE 
 
In order to determine whether the difference in shape of neoplasia is pathologically 
important, tumor staging (see subchapter 2.6.7) from histological sections of 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt control mice was performed. To assess 
the tumor stage of neoplasia, HE stained intestinal sections of both genotypes were 
screened for altered cell morphology and aberrant tissue structure. 
The incidence of low grade dysplasia in hypomorphic ApcMin/+ADAM17ex/ex mice was 
comparable to the incidence in ApcMin/+ADAM17wt/wt control mice with a mean of three low 
grade dysplasia per mouse. (Fig. 34 A). Characteristics of low grade dysplasia are elongated 
and branched crypts accompanied by moderately reduced stroma, maintained cell polarity 
and regular nuclear membranes (Boivin et al., 2003). However, low grade dysplasia from 
ApcMin/+ADAM17ex/ex mice exhibited a more organized structure while low grade dysplasia 
from ApcMin/+ADAM17wt/wt mice were less differentiated with additional branched crypts as 
shown in Fig. 34 D. 
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Fig. 34: Tumor staging of neoplasia from ApcMin/+ADAM17wt/wt mice and hypomorphic 
ApcMin/+ADAM17ex/ex mice. 
Number of (A) low grade dysplasia, (B) high grade dysplasia and (C) carcinoma from 
ApcMin/+ADAM17wt/wt mice (n=10) and ApcMin/+ADAM17ex/ex mice (n=8) at the age of six months and (D) 
representative images of haematoxylin and eosin (HE) stained tissue. Arrow indicates the lamina 
muscularis mucosae, which is penetrated by the carcinoma. Mann Whitney test. 
 
In addition to low grade dysplasia, ApcMin/+ADAM17wt/wt mice frequently developed high grade 
dysplasia as well as carcinoma (Fig. 34 B and C). Apart from less organized crypt structures, 
high grade dysplasia were further characterized by irregular glands, lost cell polarity, irregular 
nuclear membranes and marked reduction of stroma. Additional penetration of the lamina 
muscularis mucosae are a typical hallmark of carcinoma formation (Boivin et al., 2003). The 
mean number of high grade dysplasia was two per ApcMin/+ADAM17wt/wt mouse. The number 
of carcinoma was decreased with a mean of one per ApcMin/+ADAM17wt/wt mouse. 
Interestingly, neither high grade dysplasia nor carcinoma occurred in hypomorphic 
ApcMin/+ADAM17ex/ex mice.  
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The microscopically sized low grade dysplasia with a mean of 1.3 mm2 in 
ApcMin/+ADAM17wt/wt mice were significantly enlarged compared to low grade dysplasia in 
ApcMin/+ADAM17ex/ex mice with a mean of 0.9 mm2. Only in ApcMin/+ADAM17wt/wt mice 
neoplasia with a tumor stage belonging to high grade dysplasia or carcinoma were 
detectable. As expected, the mean size of high grade dysplasia and carcinoma showed no 
significant differences and was determined with a size of 1.5-1.7 mm2 (Fig. 35).  
 
 
Fig. 35: Tumor size of neoplasia from ApcMin/+ADAM17wt/wt mice and hypomorphic 
ApcMin/+ADAM17ex/ex mice.  
Size of low grade dysplasia, high grade dysplasia and carcinoma of ApcMin/+ADAM17wt/wt mice (n=10) 
and ApcMin/+ADAM17ex/ex mice (n=8) at the age of six months after necropsy. Mann Whitney test. 
 
In accordance with Fig. 30, the microscopic evaluation of HE stained intestinal tissue of 
ApcMin/+ADAM17wt/wt mice confirmed the significantly increased tumor incidence coupled with 
advanced tumor stages in comparison to ApcMin/+ADAM17ex/ex mice, while the low grade 





3.3.4 INTESTINAL CELLULAR DIFFERENTIATION AND PROLIFERATION IN 
APCMIN/+ADAM17ex/ex MICE 
 
The influence of ADAM17 on colon cancer development was initially analyzed by a basic 
characterization of the small intestine and colon of healthy unchallenged hypomorphic 
ADAM17ex/ex mice and ADAM17wt/wt mice (Fig. 66; additional results). To receive a basic 
impression of the intestinal cell morphology, immunohistochemical staining for MMP7 (Matrix 
metalloproteinase 7) and Muc2 (Mucin 2) was performed. Positive MMP7 staining was a 
signature for Paneth cells, which are present within the small intestine at the stem cell region 
near the bottom of the crypts. Positive MMP7 staining is non-existent in the colon (Fig. 66 A; 
additional results). Goblet cells were identified by positive Muc2 staining within the small 
intestine and the colon and were spread along the crypt-villus-unit (Fig. 66 B; additional 
results).  
The hypomorphic ADAM17ex/ex mice showed no differences in intestinal development 
assessed by number and differentiation of cells compared to ADAM17wt/wt mice. The equal 
differentiation and cell number of Paneth cells in the small intestine of hypomorphic 
ADAM17ex/ex mice and ADAM17wt/wt mice was shown here by MMP7 as a marker for the 
presence of Paneth cells. Regular differentiation of goblet cells in the small intestine and 
colon of hypomorphic ADAM17ex/ex mice and ADAM17wt/wt mice was shown by Muc2 staining.  
Variances in intestinal cell morphology of healthy unchallenged hypomorphic 
ADAM17ex/ex mice and ADAM17wt/wt mice were not observed. 
In order to assess the morphological alterations within the neoplasia of hypomorphic 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt control mice, further histological and 
immunohistochemical (IHC) staining experiments were performed. Categorization of tumor 
stages from stained tissue slides was conducted in cooperation with pathologist from the 
University of Veterinary Medicine Vienna (see subchapter 2.6.7). 
To study the distribution of differentiated cell types within the small intestine of both 






To visualize the occurrence of goblet cells, Periodic acid-Schiff (PAS) staining was utilized. 
Mucin, a glycoprotein, produced and secreted by goblet cells, was stained by a reaction with 
Schiff reagent.  
Unaffected small intestinal tissue of hypomorphic ApcMin/+ADAM17ex/ex mice and 
ApcMin/+ADAM17wt/wt control mice showed a normal physiological occurrence and distribution 
of goblet cells (Fig. 36). Goblet cells could not be detected in dysplasia of both 
ApcMin/+ genotypes. Carcinoma of ApcMin/+ADAM17wt/wt mice also showed a loss of goblet cells 
in line with a negative PAS staining.  
 
 
Fig. 36: Representative images of PAS-stained tissue from hypomorphic 
ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice.  
Small intestine from 24-week-old ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice was used 
for PAS staining to visualize mucin produced by goblet cells in purple. ApcMin/+ADAM17wt/wt mice (n=8) 








Lysozyme, a well-known marker for Paneth cells, was used for IHC-DAB staining to identify 
differentiated Paneth cells (Fig. 37). 
Both ApcMin/+ genotypes showed an equal expression of Paneth cells in unaffected small 
intestinal tissue at the bottom of the crypts. Dysplasia in hypomorphic 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt control mice showed patchy abnormal 
arrangement of Paneth cells within irregular branched crypts. Additionally, Paneth cells were 




Fig. 37: Representative images of tissue from hypomorphic ApcMin/+ADAM17wt/wt mice and 
ApcMin/+ADAM17ex/ex mice stained for lysozyme.  
Small intestine from 24-week-old ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice was used 
for IHC analysis to visualize lysozyme secreted by Paneth cells in brown. ApcMin/+ADAM17wt/wt mice 
(n=8) and ApcMin/+ADAM17ex/ex mice (n=6). 
 
The expression pattern of selected proteins of interest within the small intestine of 
hypomorphic ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt control mice was specified 





First, the expression pattern of ß-Catenin was examined as high staining levels of ß-Catenin 
confirm active Wnt signaling.  
In unaffected small intestinal tissue, both ApcMin/+ genotypes showed ß-Catenin expression at 
the cell membrane as well as sparse ß-Catenin expression within the cytoplasm (Fig. 38). 
The amount of cytoplasmic ß-Catenin expression was increased in dysplasia in hypomorphic 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt control mice, while levels of ß-Catenin 
located to the cell membrane were maintained. A similar signature was detected in 
carcinoma of ApcMin/+ADAM17wt/wt mice. Overall, at similar tumor stage, no obvious 
differences in intestinal localization for ß-Catenin were observed between ADAM17wt/wt mice 
and hypomorphic ADAM17ex/ex mice. 
 
 
Fig. 38: Representative images of tissue from hypomorphic ApcMin/+ADAM17wt/wt mice and 
ApcMin/+ADAM17ex/ex mice stained for ß-Catenin.  
Small intestine from 24-week-old ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice was used 
for IHC analysis to visualize ß-Catenin in brown. ApcMin/+ADAM17wt/wt mice (n=8) and 
ApcMin/+ADAM17ex/ex mice (n=6). 
 
To assess the activation of the signal transducer and activator of transcription 3 (STAT3) in 
hypomorphic ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice, immunohistochemistry 
(IHC) staining for STAT3 and phosphorylated STAT3 (pSTAT3) was performed.  
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The IHC experiments confirmed activation of STAT3 by translocation from the cytoplasm to 
the nucleus. ApcMin/+ADAM17wt/wt mice showed areas of nuclear STAT3 staining in unaffected 
intestinal tissue. Additionally, the translocation of STAT3 inside the nucleus was positive in 
neoplasia of ApcMin/+ADAM17wt/wt mice. In some dysplasia and carcinoma of 
ApcMin/+ADAM17wt/wt mice a patchy nuclear staining for STAT3 was detectable. However, no 
positive staining for STAT3 in hypomorphic ApcMin/+ADAM17ex/ex mice was quantifiable in 
unaffected intestinal tissue and in dysplasia (Fig. 39). 
 
 
Fig. 39: Representative images of tissue from hypomorphic ApcMin/+ADAM17wt/wt mice and 
ApcMin/+ADAM17ex/ex mice stained for STAT3.  
Small intestine from 24-week-old ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice was used 
for IHC analysis to visualize STAT3 in brown. ApcMin/+ADAM17wt/wt mice (n=8) and 









Nevertheless, phosphorylation of STAT3 was occasionally detectable in unaffected intestinal 
tissue or neoplasia of ApcMin/+ADAM17wt/wt mice (Fig. 40). Only a few leucocytes within the 
lamina propria of ApcMin/+ADAM17wt/wt mice showed positive staining for pSTAT3. 
Subsequently, no differences between genotypes or histological lesions were measurable in 
epithelial pSTAT3 staining.  
 
 
Fig. 40: Representative images of tissue from hypomorphic ApcMin/+ADAM17wt/wt mice and 
ApcMin/+ADAM17ex/ex mice stained for pSTAT3.  
Small intestine from 24-week-old ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice was used 
for IHC analysis to visualize pSTAT3. ApcMin/+ADAM17wt/wt mice (n=8) and ApcMin/+ADAM17ex/ex mice 
(n=6). 
 
To assess tumor cell proliferation in neoplasia of hypomorphic ApcMin/+ADAM17ex/ex mice and 
ApcMin/+ADAM17wt/wt mice, IHC analysis for Ki-67, a specific nuclear marker for cell 
proliferation, was performed (Fig. 41). 
 Unaffected intestinal tissue of both genotypes showed an equal Ki-67 signal at the bottom of 
the crypts, which is known as physiological proliferating zone within the crypt-villus-unit. An 
increased signal for Ki-67 was observed in dysplasia and carcinoma and goes in line with 
tumor progression. However, hypomorphic ApcMin/+ADAM17ex/ex mice showed a decreased 




Fig. 41: Representative images of tissue from hypomorphic ApcMin/+ADAM17wt/wt mice and 
ApcMin/+ADAM17ex/ex mice stained for Ki-67.  
Small intestine from 24week-old ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice was used for 
IHC analysis to visualize Ki-67 as a marker for cell proliferation in brown. ApcMin/+ADAM17wt/wt mice 
(n=8) and ApcMin/+ADAM17ex/ex mice (n=6). 
 
Quantification of the Ki-67 stained tissue slides revealed significant differences in 
proliferation in dysplasia between hypomorphic ApcMin/+ADAM17ex/ex mice and 
ApcMin/+ADAM17wt/wt mice (Fig. 42). Dysplasia of hypomorphic ApcMin/+ADAM17ex/ex mice 
contained 0.5 % Ki-67 positive cells compared to 13 % Ki-67 positive cells in dysplasia of 
ApcMin/+ADAM17wt/wt mice.  
 
Fig. 42: Quantification of Ki-67 stained tissue from hypomorphic ApcMin/+ADAM17wt/wt mice and 
ApcMin/+ADAM17ex/ex mice.  
Small intestine from 24-week-old ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice was used in 
IHC for analysis of Ki-67 positive cell proliferation. Quantification of Ki-67 positive signals by ImageJ. 
ApcMin/+ADAM17wt/wt mice (n=8) and ApcMin/+ADAM17ex/ex mice (n=6). Mann-Whitney test. 
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3.3.5 EGFR AND AMPHIREGULIN mRNA EXPRESSION IS UPREGULATED IN TUMOR TISSUE 
 
To address the question if loss of heterozygosity and neoplasia formation in the analyzed 
ApcMin/+ mouse strains was accompanied by other dysregulated genes, comprehensive 
quantitative real-time PCR analysis from murine tissue samples was performed.  
Based on the results of chapter 3.1 and the resulting link between ADAM17-regulated 
Amphiregulin shedding on intestinal epithelial cells and adjusted activation of the epidermal 
growth factor receptor (EGFR), non-tumor tissue and tumor tissue from 
ApcMin/+ADAM17wt/wt mice were screened for aberrant expression of the ErbB receptor 
tyrosine kinases family and corresponding EGFR ligands. Tumor tissues from 
ApcMin/+ADAM17wt/wt mice showed increased mRNA levels for EGFR compared to non-tumor 
tissue (Fig. 43). mRNA transcripts for ErbB receptor tyrosine kinases ErbB2, ErbB3 and 
ErbB4 were not altered in tumor tissue. Additionally, mRNA coding for the EGFR ligands 
Amphiregulin (AREG), Betacellulin (BTC) and Epiregulin (EREG) was significantly elevated 
in tumor tissue compared to non-tumor tissue in ApcMin/+ADAM17wt/wt mice. 
 
 
Fig. 43: qRT-PCR analysis of epidermal growth factor receptors and EGFR ligands from 
ApcMin/+ADAM17wt/wt mice tissue.  
18 tumors and 5 non-tumor tissue samples obtained from ApcMin/+ADAM17wt/wt mice (n=3) were 
analyzed for the expression of epidermal growth factor receptors and EGFR ligands. (EGFR–ErbB4, 
ErbB receptor tyrosine kinase family; AREG, Amphiregulin; BTC, Betacellulin; EGF, Epidermal growth 
factor; EREG, Epiregulin; TGF-α, Transforming growth factor alpha). 2way ANOVA with Bonferroni 
posttest. 
 
In order to verify the observed mRNA signature from Fig. 43, laser microdissection 
experiments were perfomed (see subchapter 2.6.6). Neoplasia of ApcMin/+ADAM17ex/ex mice 
and ApcMin/+ADAM17wt/wt mice as well as healthy crypt-villus-units from ADAM17wt/wt mice 
 89 
were analyzed. Due to the fact that the amount of dissected tissue material was limited, only 
selected genes of interest were measured. Significantly elevated mRNA levels for EGFR and 
AREG compared to healthy wildtype tissue were detected in neoplasia from 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice (Fig. 44). 
 
 
Fig. 44: Laser microdissection and qRT-PCR analysis of ErbB receptors and EGFR ligands 
from neoplasia of ApcMin/+ADAM17wt/wt mice and hypomorphic ApcMin/+ADAM17ex/ex mice.  
Real-time data were normalized to GAPDH. Tissue samples from six neoplasia from 
ApcMin/+ADAM17wt/wt mice (n=3) and four neoplasia from ApcMin/+ADAM17ex/ex mice (n=2) were 
collected via Laser microdissection and compared to wildtype tissue (n=1). (EGFR–ErbB3, ErbB 
receptor tyrosine kinase family; AREG, Amphiregulin; BTC, Betacellulin). 2way ANOVA with 
Bonferroni posttest. 
 
To identify additional participating signaling pathways to benefit colon cancer development in 
the ApcMin/+ADAM17ex/ex model, the Notch signaling pathway was investigated. It is well 
known that the Notch signaling pathway plays a key role in developmental processes and 
proliferation as well as differentiation during intestinal epithelial turnover (Barker, 2014, 
VanDussen et al., 2012). Apart from this, it is assumed that ADAM17 is also involved in 
ligand-independent Notch signaling under pathophysiological conditions (Bozkulak and 
Weinmaster, 2009, Brou et al., 2000, Murthy et al., 2012).  
The mRNA levels of presumed Notch-regulated target genes such as Hes-1, Hey-2 and 
Hey-1 seemed to be slightly downregulated in ApcMin/+ADAM17ex/ex mice compared to 
ApcMin/+ADAM17wt/wt mice. Nevertheless, Hey2 and Hey-1 were significantly upregulated in 
both ApcMin/+ strains as opposed to ADAM17wt/wt mice (Fig. 45 B and C). Hes-1 mRNA is 
equally transcribed in ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice or 




Fig. 45: qRT-PCR analysis of Notch target genes from ApcMin/+ADAM17wt/wt mice and 
hypomorphic ApcMin/+ADAM17ex/ex mice tissue.  
10 tumor samples obtained from ApcMin/+ADAM17wt/wt mice (n=5) and 5 tumor samples obtained from 
ApcMin/+ADAM17ex/ex mice (n=2) were compared to three tissue samples from wildtype (n=1). Unpaired 
t test with Welch´s correction. 
 
To address the question whether the altered number of neoplasia in 
ApcMin/+ADAM17ex/ex mice was mediated by other receptor tyrosine kinases, the transcript 
levels of mRNA coding for c-Met (Fig. 46 A) and the corresponding ligand hepatocyte growth 
factor (HGF) were measured (Fig. 46 B). It was documented that upregulation of the 
proto-oncogene c-Met is correlated with colon cancer progression (Di Renzo et al., 1995). No 
significant amplification of c-Met transcripts was detectable in neither 
ApcMin/+ADAM17ex/ex mice nor in ApcMin/+ADAM17wt/wt mice when compared to 
ADAM17wt/wt mice. The transcript levels of mRNA coding for HGF was elevated similarly in 
both ApcMin/+ strains. 
 
 
Fig. 46: qRT-PCR analysis of c-Met pathway from ApcMin/+ADAM17wt/wt mice and hypomorphic 
ApcMin/+ADAM17ex/ex mice tissue.  
10 tumor samples obtained from ApcMin/+ADAM17wt/wt mice (n=5) and 5 tumor samples obtained from 
ApcMin/+ADAM17ex/ex mice (n=2) were compared to three tissue samples from wildtype (n=1). Unpaired 
t test with Welch´s correction. 
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Consistent with the constitutively activated Wnt pathway in ApcMin/+ mice, both mouse strains 
ApcMin/+ADAM17ex/ex and ApcMin/+ADAM17wt/wt revealed increased mRNA levels encoding for 
Wnt target genes such as c-Myc, Claudin-1, Axin-2, Sox17 and Sox9 in comparison to 
ADAM17wt/wt mice, while MMP13 levels were indistinguishable in both ApcMin/+ strains 
compared to ADAM17wt/wt mice (Fig. 47 A-G). Only mRNA encoding c-Myc showed a 
significant downregulation in hypomorphic ApcMin/+ADAM17ex/ex compared to 
ApcMin/+ADAM17wt/wt mice (Fig. 47 A). However, mRNA encoding for Sox9 showed a 
significant upregulation in hypomorphic ApcMin/+ADAM17ex/ex compared to 
ApcMin/+ADAM17wt/wt mice (Fig. 47 F). 
 
 
Fig. 47: qRT-PCR analysis of Wnt target genes from ApcMin/+ADAM17wt/wt mice and hypomorphic 
ApcMin/+ADAM17ex/ex mice tissue.  
10 tumor samples obtained from ApcMin/+ADAM17wt/wt mice (n=5) and 5 tumor samples obtained from 
ApcMin/+ADAM17ex/ex mice (n=2) were compared to three tissue samples from wildtype (n=1). Unpaired 
t test with Welch´s correction. 
 
To analyze target genes involved in the formation of neoplasia in ApcMin/+ADAM17ex/ex mice 
and ApcMin/+ADAM17wt/wt mice, further quantitative real-time PCR analysis focusing on the 
expression of mRNAs involved in IL-6 signaling was performed (Fig. 48 A-D). A marked 
increase in mRNA levels of IL-6 and IL-6R in both ApcMin/+ strains were observed compared 
to ADAM17wt/wt mice (Fig. 48 A and B), but only similar mRNA levels of IL6ST (also known as 
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glycoprotein 130) and the STAT3 target gene BIRC5 also known as Survivin 
(Fig. 48 C and D). 
 
 
Fig. 48: qRT-PCR analysis of IL-6 pathway from ApcMin/+ADAM17wt/wt mice and hypomorphic 
ApcMin/+ADAM17ex/ex mice tissue.  
26 tumor samples obtained from ApcMin/+ADAM17wt/wt mice (n=7) and 10 tumor samples obtained from 
ApcMin/+ADAM17ex/ex mice (n=4) were compared to three tissue samples from wildtype (n=1). Unpaired 
t test with Welch´s correction. 
 
To analyze another pathway involved in the regulation of proliferation and apoptosis, the 
transcriptional coactivator YAP-1, corresponding to the Hippo signaling pathway, was 
investigated (Fig. 49 A-D). It was recently published that dysregulated YAP signaling 
contribute to epithelial cell proliferation along with aberrant cell differentiation and additional 
loss of APC leads to an upregulation and activation of YAP, Src family kinases, gp130 and 
STAT3 in colon carcinogenesis (Taniguchi et al., 2015, Taniguchi et al., 2017). 
ApcMin/+ADAM17wt/wt mice showed significantly increased mRNA levels of the proto-oncogene 
YAP-1, the serine/threonine kinase LATS1 and the correlated target genes Ctgf (connective 
tissue growth factor) and Cyr61 compared to ADAM17wt/wt mice. In contrast, 
ApcMin/+ADAM17ex/ex mice showed a reduction of these mRNA transcripts. However, in 
ApcMin/+ADAM17ex/ex mice significant decreased mRNA levels for YAP-1, Ctgf and Cyr61 




Fig. 49: qRT-PCR analysis of Hippo/YAP-pathway from ApcMin/+ADAM17wt/wt mice and 
hypomorphic ApcMin/+ADAM17ex/ex mice tissue.  
26 tumor samples obtained from ApcMin/+ADAM17wt/wt mice (n=7) and 10 tumor samples obtained from 
ApcMin/+ADAM17ex/ex mice (n=4) were compared to three tissue samples from wildtype (n=1). Unpaired 
t test with Welch´s correction. 
 
3.3.6 CHARACTERIZATION OF ORGANOIDS DERIVED FROM APCMIN/+ADAM17ex/ex MICE 
 
To address the question which cell type is mainly responsible for Amphiregulin expression 
and release within the small intestine, I established an ex vivo organoid culture system using 
intestinal epithelial cells (IEC) from ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice 
as well as unchallenged healthy hypomorphic ADAM17ex/ex mice and ADAM17wt/wt mice 
(Fig. 67; additional results). The advantage of ex vivo organoid cultures was to analyze 
intestinal epithelial cells beyond the intestinal niche and in the absence of their 
microenvironment.  
Isolated crypts from indicated mouse strains were used to generate an ex vivo 
three-dimensional organoid culture system as described in subchapter 2.3. Primary 
organoids generated from ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice were 
counted and sized. The number of primary organoids received from ApcMin/+ADAM17wt/wt mice 
were significantly increased compared to the number of hypomorphic 
ApcMin/+ADAM17ex/ex organoids (Fig. 50 A). Interestingly, the determined size of hypomorphic 
ApcMin/+ADAM17ex/ex organoids was slightly decreased in comparison to 




Fig. 50: Number and size of primary organoids from hypomorphic ApcMin/+ADAM17ex/ex mice. 
Primary organoids isolated from the small intestine of 24-week-old ApcMin/+ADAM17wt/wt mice (n=6) and 
ApcMin/+ADAM17ex/ex mice (n=9). (A) Number and (B) size of organoids formed 10 days after isolation. 
Mann Whitney test. 
 
Microscopic characterization of established ApcMin/+ organoids from both genotypes 
demonstrated different morphology compared to organoids from healthy unchallenged 
hypomorphic ADAM17ex/ex mice and ADAM17wt/wt mice due to insufficient cell differentiation 
(Fig. 51 A and B and Fig. 67 A and B; additional results). Constitutively active Wnt signaling 
in ApcMin/+ organoids negatively affected cell lineage differentiation within the crypt-villus-unit 
which lead to spherically shaped organoids in both ApcMin/+ genotypes without significant 
morphological differences. 
Organoids established from healthy unchallenged hypomorphic ADAM17ex/ex mice and 
ADAM17wt/wt mice maintained under basal culture medium (BCM) culture conditions, 
proliferated and differentiated in a physiological manner and retained crypt-villus-units. These 
retained crypt-villus-units were identifiable by budded organoid structures (Fig. 51 C and D 
and Fig. 67 C and D; additional results). As expected, no differences regarding organoid 
shape or organoid size between healthy unchallenged hypomorphic ADAM17ex/ex mice and 
ADAM17wt/wt mice were detectable. 
Further characterization via immunofluorescence analysis revealed lack of expression of 
Muc2 as goblet cell marker and MMP7 as Paneth cell marker in organoids originated from 
hypomorphic ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice (Fig. 51 C and D).  
Accumulation of ß-Catenin thereupon lead to constitutively active Wnt signaling which in turn 
lead to a total loss of differentiated goblet cells and Paneth cells in both ApcMin/+ organoids. 
Thereby, the impaired cell differentiation mediated by constitutively activated Wnt signaling 
was confirmed for both genotypes under ex vivo conditions. 
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In comparison to the previous observations, immunofluorescence experiments of organoids 
originated from healthy unchallenged hypomorphic ADAM17ex/ex mice and ADAM17wt/wt mice, 
confirmed physiological differentiation of specific intestinal cell types such as goblet cells and 
Paneth cells in mature organoid crypt-villus-units by positive Muc2 and MMP7 staining 





Fig. 51: Representative images of ApcMin/+ADAM17ex/ex organoid cultures.  
Representative images of (A) 3D organoid cultures, (B) 10 x magnification of single organoids. and 
immunofluorescence analysis of organoids stained for (C) Mucin 2 (Muc2) as goblet cell marker and 
(D) Matrix metalloproteinase 7 (MMP7) as marker for Paneth cells. 
 
Due to constitutively activated Wnt signaling, organoid cultures derived from 
ApcMin/+ADAM17ex/ex mice as well as ApcMin/+ADAM17wt/wt mice formed adenomatous 
spherical structures independent of additional R-Spondin-1 or Wnt3a. After several 
passages, organoids from ApcMin/+ADAM17ex/ex mice as well as ApcMin/+ADAM17wt/wt mice 
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were still morphological comparable and kept their spherical shape and size as shown in 
Fig. 51 A and B and simplified in model of Fig. 52.  
 
 
Fig. 52: Model of the generation of murine intestinal ApcMin/+ organoids cultured in APC tumor 
medium.  
Murine intestinal crypts from ApcMin/+ADAM17wt/wt mice and hypomorphic ApcMin/+ADAM17ex/ex mice 
were isolated and cultured ex vivo in Matrigel® GFR with APC tumor medium. ApcMin/+ organoids 
showed characteristic spherical structures with intestinal lumen-like cavity. Adapted from (Schuijers 
and Clevers, 2012, Barker, 2014). 
 
Organoids from ADAM17ex/ex mice and ADAM17wt/wt mice cultured in APC tumor medium 
were not able to proliferate and survive without the Wnt pathway supporting supplements 
R-Spondin-1 and Wnt3a (data not shown).  
Regarding the characterization of derived organoids from hypomorphic 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice, the protein expression of ADAM17 
was assessed by Western blot analysis (Fig. 53). In the interest of a basal characterization, 
ADAM17 protein expression in organoids from unchallenged healthy ADAM17ex/ex mice and 
ADAM17wt/wt mice was determined as well. 
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Fig. 53: ADAM17 protein expression in organoids.  
Indicated organoids were lysed and 50 µg of total protein were analyzed. ADAM17 protein expression 
was assessed by Western blot analysis using a polyclonal anti-ADAM17 antibody (18.2). 
 
As expected, the Western blot results revealed a lack of ADAM17 protein expression in 
ApcMin/+ADAM17ex/ex or hypomorphic ADAM17ex/ex organoids. ADAM17 was detectable in 
lysates of ADAM17wt/wt organoids and ApcMin/+ADAM17wt/wt organoids. The amount of 
ADAM17 protein in ApcMin/+ADAM17wt/wt organoid lysates was slightly increased.  
In line with these observations, the mRNA level of ADAM17 in ApcMin/+ADAM17wt/wt organoids 
was significantly increased compared to unchallenged healthy ADAM17wt/wt organoids and 




Fig. 54: qRT-PCR analysis of ADAM17 from ApcMin/+ADAM17wt/wt and hypomorphic 
ApcMin/+ADAM17ex/ex organoids.  
Organoids obtained from ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice were compared to 
organoids from wildtype mice. Real-time PCR analysis of mRNA expression from ADAM17 in 
indicated organoids from four independent experiments. qRT PCR data were normalized to GAPDH. 
Unpaired t test with Welch´s correction. 
 
For further characterization of ApcMin/+ADAM17ex/ex or ApcMin/+ADAM17wt/wt derived organoids, 
the transcriptional levels of mRNA encoding for EGFR was significantly increased in both 
ApcMin/+ organoids (Fig. 55 A). In addition, analysis of mRNA encoding for AREG revealed 
significantly elevated levels in both ApcMin/+ organoids by threefold (Fig. 55 B). 
 
 
Fig. 55: qRT-PCR analysis of EGFR and AREG from ApcMin/+ADAM17wt/wt and hypomorphic 
ApcMin/+ADAM17ex/ex organoids. 
Organoids obtained from ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice were compared to 
organoids from wildtype mice. Real-time PCR analysis of mRNA expression of (A) epidermal growth 
factor receptor (EGFR) and (B) Amphiregulin (AREG) in indicated organoids from four independent 
experiments. qRT-PCR data were normalized to GAPDH. Unpaired t test with Welch´s correction. 
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Because Wnt signaling plays a key role in the ApcMin/+ model, selected target genes of the 
Wnt pathway were measured by quantitative real-time PCR in organoids. As expected, the 
amount of mRNA transcripts encoding for c-Myc and Axin-2 in organoids originated from 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice was significantly elevated compared 
to ADAM17wt/wt organoids (Fig. 56). The mRNA levels for Axin-2 was equally increased in 
both ApcMin/+ organoids (Fig. 56 B). Interestingly, the mRNA transcripts encoding for c-Myc 
was increased by twofold in ApcMin/+ADAM17wt/wt organoids in comparison to 
ApcMin/+ADAM17ex/ex organoids (Fig. 56 A).  
 
 
Fig. 56: qRT-PCR analysis of Wnt target genes from ApcMin/+ADAM17wt/wt and hypomorphic 
ApcMin/+ADAM17ex/ex organoids.  
Organoids obtained from ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice were compared to 
organoids from wildtype mice. Real-time PCR analysis of mRNA expression of (A) c-Myc and (B) 
Axin-2 in indicated organoids from four independent experiments. qRT-PCR data were normalized to 
GAPDH. Unpaired t test with Welch´s correction. 
 
Additionally, the mRNA profile of the IL-6 signaling pathway in ApcMin/+ organoids was 
analyzed. Unfortunately, the mRNA level of Interleukin-6 (IL-6) could not be detected even 
after several repetitions (Fig. 57 A) in any specimen. Instead, the amount of mRNA encoding 
for the Interleukin-6 receptor (IL-6R) was significantly elevated in both ApcMin/+ organoids 
compared to ADAM17wt/wt organoids. In ApcMin/+ADAM17ex/ex organoids, the mRNA levels of 
IL-6R was reduced by one fifth (Fig. 57 B). The results for IL6ST, also known as gp130 
(glycoprotein 130), revealed more than a half-elevated mRNA levels in 
ApcMin/+ADAM17ex/ex organoids compared to ApcMin/+ADAM17wt/wt organoids (Fig. 57 C). 
However, the quantity of mRNA transcripts for the target gene BIRC5, also known as the 
inhibitor of apoptosis protein Survivin, was significantly increased only in 
ApcMin/+ADAM17wt/wt organoids (Fig. 57 D). The number of BIRC5 mRNA transcripts was 
similar in ApcMin/+ADAM17ex/ex organoids and ADAM17wt/wt organoids. 
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Fig. 57: qRT-PCR analysis of IL-6 pathway from ApcMin/+ADAM17wt/wt and hypomorphic 
ApcMin/+ADAM17ex/ex organoids.  
Organoids obtained from ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice were compared to 
organoids from wildtype mice. Real-time PCR analysis of mRNA expression of (A) Interleukin-6 (IL-6), 
(B) Interleukin-6 receptor (IL-6R), (C) IL6ST (also known gp130) and (D) BIRC5 in indicated organoids 
from four independent experiments. qRT-PCR data were normalized to GAPDH. Unpaired t test with 
Welch´s correction. 
 
The proto-oncogene YAP-1 is known to play a key role during intestinal homeostasis, 
regeneration and cancer initiation (Gregorieff et al., 2015). Therefore, the mRNA signature 
for Hippo/YAP signaling pathway related target genes like YAP-1 were tested via quantitative 
real-time PCR (Fig. 58). Organoids generated from ApcMin/+ADAM17wt/wt mice and 
ApcMin/+ADAM17ex/ex mice showed increased mRNA levels of YAP-1, the serine/threonine 
kinase LATS1 and the linked target genes Ctgf and Cyr61 compared to ADAM17wt/wt mice 
organoids. In both ApcMin/+ organoids the levels of mRNA encoding for YAP-1 and LATS1 
were comparable and showed a threefold increase compared to ADAM17wt/wt organoids 
(Fig. 58 A and B). The amount of Ctgf mRNA in ApcMin/+ADAM17ex/ex organoids was half as 
much increased as in ApcMin/+ADAM17wt/wt organoids. Such a significant difference was not 
observed in Cyr61 mRNA levels (Fig. 58 C). However, in ApcMin/+ADAM17ex/ex organoids the 







Fig. 58: qRT-PCR analysis of Hippo/YAP pathway from ApcMin/+ADAM17wt/wt and hypomorphic 
ApcMin/+ADAM17ex/ex mice organoids.  
Organoids obtained from ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice were compared to 
organoids from wildtype mice. Real-time PCR analysis of mRNA expression of (A) YAP-1, (B) LATS1, 
(C) Ctgf and (D) Cyr61 in indicated organoids from four independent experiments. qRT-PCR data 
were normalized to GAPDH. Unpaired t test with Welch´s correction. 
 
3.3.7 ORGANOIDS FROM APCMIN/+ADAM17ex/ex MICE SHOW LESS AMPHIREGULIN SHEDDING 
 
As observed in vitro in various human colorectal cancer cells (see subchapter 3.1), ADAM17 
is able to cleave Amphiregulin. Indeed, a dependency between ADAM17 and soluble 
Amphiregulin was detected ex vivo in intestinal tissue by performing ELISA experiments from 
the supernatant of intestinal cultures as described in subchapter 2.5.2. The amount of 
soluble Amphiregulin in the supernatant of intestinal cultures from ApcMin/+ADAM17ex/ex mice 
was reduced by half compared to the supernatant of intestinal cultures from 
ApcMin/+ADAM17wt/wt mice (Fig. 59 A). Additionally, the influence of absent ADAM17 protein 
expression in ApcMin/+ADAM17ex/ex mice regarding IL-6 and IL-6R release was investigated in 
intestinal cultures. As shown in Fig. 59 B and C, no differences in the amount of soluble IL-6 




Fig. 59: Levels of soluble proteins in intestinal cultures from hypomorphic 
ApcMin/+ADAM17ex/ex mice.  
Three independent tissue pieces of each mouse were washed with PBS containing Pen/Strep and 
incubated in DMEM medium at 37 °C for 24 h (n=3-5 per group). Supernatants were harvested and 
measured by ELISA for soluble (A) Amphiregulin (AREG), (B) Interleukin-6 receptor (IL-6R) and (C) 
Interleukin-6 (IL-6). Unpaired t test with Welch´s correction. 
 
Vice versa, the amount of membrane bound Amphiregulin in intestinal tissue lysates of 
ApcMin/+ADAM17ex/ex mice was increased by twofold compared to intestinal tissue lysates of 
ApcMin/+ADAM17wt/wt mice (Fig. 59 A). The results for IL-6R or IL-6 revealed no significant 
difference between the genotypes whereby IL-6 was not detectable in tissue lysates 
(Fig. 59 B and C). 
 
 
Fig. 60: Amount of proteins in tissue lysate from hypomorphic ApcMin/+ADAM17ex/ex mice.  
Tissue lysates from small intestine of ApcMin/+ADAM17wt/wt mice (n=2) and ApcMin/+ADAM17ex/ex mice 
(n=2) were measured by ELISA for (A) Amphiregulin (AREG), (B) Interleukin-6 receptor (IL-6R) and 




To confirm the previous observations in human colorectal cancer cells regarding 
ADAM17-mediated Amphiregulin shedding, the three-dimensional organoid culture system 
was utilized to analyze the role of ADAM17-dependent shedding in isolated intestinal 
epithelial cells from ApcMin/+ mice.  
 
 
Fig. 61: Levels of soluble proteins in the supernatant of ApcMin/+ organoid cultures.  
Primary organoids isolated from the small intestine of 24-week-old ApcMin/+ADAM17wt/wt mice (n=6) and 
ApcMin/+ADAM17ex/ex mice (n=9). Supernatant of organoids formed 10 days after isolation measured by 
ELISA for soluble (A) Amphiregulin (AREG) (B) Tumor necrosis factor receptor I (TNFRI), (C) 
Interleukin-6 receptor (IL-6R) and (D) Interleukin-6 (IL-6). Mann Whitney test. 
 
The quantity of soluble Amphiregulin in the supernatants of organoid cultures from 
ApcMin/+ADAM17ex/ex mice were significantly reduced by two thirds compared to the 
supernatants of intestinal cultures from ApcMin/+ADAM17wt/wt mice (Fig. 61 A). To verify that 
the observed effect was related to ADAM17, the amount of soluble TNFRI (Tumor necrosis 
factor receptor I), a known ADAM17 substrate (Reddy et al., 2000), was measured as well. 
As expected, the amount of shed TNFRI in the supernatants of organoid cultures from 
ApcMin/+ADAM17ex/ex mice were significantly reduced compared to 
ApcMin/+ADAM17wt/wt organoids (Fig. 61 B). Interestingly, neither shed IL-6R nor soluble IL-6 
could be detected in the supernatants of organoid cultures from ApcMin/+ mice 
(Fig. 61 C and D). 
In the following experimental set up, organoid cultures from ApcMin/+ mice were treated with 
protease inhibitors (Tab. 8) to assess the influence of ADAM17 activity on Amphiregulin 
shedding. To investigate the dependence of Amphiregulin shedding on ADAM17 inhibition 
both organoid cultures were treated with Marimastat (MM), a broad-spectrum matrix 
metalloprotease inhibitor, a selective inhibitor for ADAM10 (GI) and an ADAM10 and 
ADAM17 inhibitor (GW). To determine the amount of soluble Amphiregulin, the supernatants 
from organoids were harvested before (0 h) and after inhibitor treatment (72 h).  
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Fig. 62: Levels of soluble Amphiregulin in the supernatant of ApcMin/+ organoid cultures after 
inhibitor treatment.  
Organoids from (A) ApcMin/+ADAM17wt/wt mice and (B) ApcMin/+ADAM17ex/ex mice were cultured for 72 h 
in normal APC tumor medium (untr.) or mixed with DMSO for control as well as in the presence of GI 
(GI254023X, ADAM10-selective inhibitor, 30 µM), GW (GW280264X, ADAM10- and 
ADAM17-selective inhibitor, 30 µM) or MM (Marimastat, pan-metalloprotease inhibitor; 100 µM). 
Supernatants from organoids were measured by ELISA for soluble Amphiregulin. Values were 
normalized to organoid number per well. Kruskal-Wallis test. 
 
The ELISA results in Fig. 62 showed that the ratio of soluble Amphiregulin in the DMSO 
treated controls versus untreated conditions among both ApcMin/+ organoids was almost 
similar after 72 h. Compared to DMSO treated controls, the generation of soluble 
Amphiregulin was not affected by GI-mediated ADAM10 inhibition in both ApcMin/+ organoids. 
However, the quantity of soluble Amphiregulin was drastically affected after 72 h GW 
inhibitor treatment. When ADAM17 was inhibited by GW, the amount of soluble Amphiregulin 
was markedly decreased by two-thirds in ApcMin/+ADAM17wt/wt organoids (Fig. 62 A) as well 
as in ApcMin/+ADAM17ex/ex organoids (Fig. 62 B). Marimastat treatment resulted in a decrease 
by two-thirds in both ApcMin/+ organoids after 72 h as well. In summary, the generation of 





Fig. 63: Representative images of ApcMin/+ organoid cultures after inhibitor treatment.  
Organoids from ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice were cultured for 72 h in (A) 
normal APC tumor medium or mixed with (B) DMSO for control as well as in the presence of (C) GI 
(GI254023X, ADAM10-selective inhibitor, 30 µM), (D) GW (GW280264X, ADAM10- and 
ADAM17-selective inhibitor, 30 µM) or (E) MM (Marimastat, pan-metalloprotease inhibitor; 100 µM). 
 107 
The inhibitor treatment did not cause changes to the morphology of treated organoids 
(Fig. 63 C-E) compared to controls (Fig. 63 A and B). ApcMin/+ADAM17wt/wt organoids and 
hypomorphic ApcMin/+ADAM17ex/ex organoids maintained their spherical shape and size during 
the whole experiment. 
Ex vivo organoid cultures served as a system to test whether differentiated intestinal 
epithelial cells (IEC) or dedifferentiated IECs were indeed able to proliferate under special 
culture conditions. Organoids from both ApcMin/+ mouse strains formed spheroids even in the 
absence of the Wnt signaling enhancers R-Spondin-1 and Wnt3a (Fig. 51 and 52). To 
investigate the importance of the EGFR signaling pathway in the 
ApcMin/+ADAM17ex/ex organoid culture system, the established organoids were cultured in 
APC tumor medium without EGF (Tab. 7). 
In order to assess the importance of EGFR ligands, organoid culture experiments were 
performed using APC tumor medium without EGF to assess the influence of Amphiregulin 
shedding on proliferation and maintenance of ApcMin/+ organoids. Hypomorphic 
ApcMin/+ADAM17ex/ex organoids and ApcMin/+ADAM17wt/wt organoids were challenged with APC 
tumor medium lacking EGF to determine the plating efficiency and organoid size over two 
passages by microscopic examination.  
 
 
Fig. 64: Plating efficiency of ApcMin/+ organoids without supplemented EGF.  
Organoids from ApcMin/+ADAM17wt/wt mice (n=3) and ApcMin/+ADAM17ex/ex mice (n=1) were cultured in 
four independent wells of a 24 well plate in APC tumor medium without EGF over two passages. Each 
well was microscopically monitored and the number of organoids was counted. For passaging, one 
well was picked out, treated as described in subchapter 2.3.2 and plated in four independent wells in 
APC tumor medium without EGF. 2way ANOVA with Bonferroni posttest. 
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As depicted in Fig. 64, the organoid formation capacity measured by the number of 
organoids per well was significantly decreased in ApcMin/+ADAM17ex/ex organoids after two 
passages compared to ApcMin/+ADAM17wt/wt organoids. 
Furthermore, the organoid size of both ApcMin/+ organoid cultures was measured during the 
experiment. The withdrawal of EGF over two passages led to smaller organoids (Fig. 65).  
 
 
Fig. 65: Growth of ApcMin/+ organoids without supplemented EGF. 
Organoids from ApcMin/+ADAM17wt/wt mice (n=3) and ApcMin/+ADAM17ex/ex (n=1) mice were cultured in 
four independent wells of a 24 well plate in APC tumor medium without EGF over two passages. Each 
well was microscopically monitored and the size of organoids was measured. For passaging, one well 
was picked out, treated as described in subchapter 2.3.2 and plated in four independent wells in APC 
tumor medium without EGF. 2way ANOVA with Bonferroni posttest. 
 
This effect was increased in hypomorphic ApcMin/+ADAM17ex/ex organoids. Over the entire 
period no morphological changes were observed. In both ApcMin/+ organoid cultures no 




CHAPTER FOUR: DISCUSSION AND FUTURE PROSPECTS 
 
Proliferation, apoptosis, regeneration and renewal within the intestine are important 
processes requiring the coordinated and orchestrated activation and inactivation of distinct 
signaling pathways. It is described that ADAM proteases, especially ADAM17, play a crucial 
role in the control of various signaling pathways due to irreversible proteolytic processing of 
membrane bound receptors or ligands. How this is regulated in detail, especially under 
pathological conditions, is a central question in current research.  
Tumor initiation and progression are complex multistage processes, whereby it is most 
fundamental that a cell gains growth advantages towards other cells. For tumor initiation, 
development and progression, eight different but intertwined steps are required: self-efficacy 
regarding growth signals, insensitivity against antigrowth signals, ability to escape apoptosis, 
unlimited replicative potential, ability to implement angiogenesis, ability to invade surrounding 
tissue to metastasize, capability to modify metabolism and competence in evading 
immunological destruction. These capabilities are referred to as “The Hallmarks of cancer” 
(Hanahan and Weinberg, 2011, Hanahan and Weinberg, 2000). 
The development of cancer is closely related to chronic inflammation and described in 
patients suffering from inflammatory bowel diseases (IBD) (McGuckin et al., 2009, Roda et 
al., 2010). Previous studies show a strong link between colorectal cancer development and 
IBD, as IBD patients bear an increased risk for the development of colorectal cancer but the 
underlying mechanism is still unknown (Itzkowitz and Harpaz, 2004, Gupta et al., 2007, 
Rutter et al., 2004). To grow in a chronically inflamed environment, cells must evolve the 
ability to escape immune recognition and suppress immune reactivity which is in accordance 
with the hallmark of cancer capabilities described previously (Cavallo et al., 2011). ADAM17 
activation appears to play an important role in this interplay but the underlying mechanisms 
are poorly understood. 
ADAM17 is expressed in all tissues, including the intestine (Fig. 18), and the lack of ADAM17 
under healthy conditions has no influence on the development or morphology of both the 
small intestine and the colon (Fig. 66 A and B; additional results). In line with this 
observations, organoids generated from hypomorphic ADAM17ex/ex mice and 
ADAM17wt/wt mice showed no morphological differences (Fig. 67). Under normal 
physiological conditions, ADAM17 is not required for maintaining intestinal homeostasis. The 
normal physiological differentiation of secretory cells, such as Paneth cells and goblet cells, 
in the small intestine and colon of hypomorphic ADAM17ex/ex mice implies that proteolytic 
processing by ADAM17 is not essential for Notch signaling within the crypt-villus-unit (Tsai et 
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al., 2014). Even though ADAM17 is not decisive for physiological intestinal homeostasis, 
ADAM17 is essential for the protection and regeneration of the intestinal epithelium under 
pathophysiological conditions like DSS-induced colitis (Jones et al., 2015, Chalaris et al., 
2010). This can be explained by ADAM17 acting as an upstream regulator of ErbB signaling 
via ErbB ligand shedding. ErbB ligand deficient mice, ErbB receptor deficient mice and 
hypomorphic ADAM17ex/ex mice suffer from severe DSS-colitis, while treatment with 
exogenous ErbB ligands protects against colitis development (Frey and Brent Polk, 2014, 
Zhang et al., 2012, Egger et al., 1997, Chalaris et al., 2010). It was shown that DSS-induced 
colitis leads to increased expression of the ADAM17 substrates Amphiregulin and Epiregulin 
(Fig. 70; additional results) due to activated TLR-mediated MyD88 signaling. In this context, 
ADAM17-mediated shedding of Amphiregulin and Epiregulin is necessary for ErbB signaling 
activation for intestinal epithelia regeneration (Brandl et al., 2010, Sahin et al., 2004). 
Inflammation is linked clinically to cancer, but the underlying mechanisms are poorly 
understood. To evaluate the physiological relevance of ADAM17 in colitis-associated 
colorectal cancer, hypomorphic ADAM17ex/ex mice, which had drastically reduced ADAM17 
protein levels in all tissues, were subjected to the AOM/DSS-model of 
inflammation-associated colorectal cancer. Mice were treated with DSS to induce chronic 
inflammation of the colon and injected with AOM to induce carcinogenesis. In line with the 
previous results from Chalaris et al., the drastically reduced ADAM17 protein expression in 
the hypomorphic ADAM17ex/ex mice resulted in severe inflammation of the colon (Fig. 24) and 
a significantly elevated clinical activity score as a consequence of the DSS-treatment 
(Fig. 22). Upon termination of the DSS-treatment, the intestinal epithelium of control mice 
started to regenerate in a physiological manner, which mainly involved proliferation of the 
intestinal epithelial cells thereby restoring normal intestinal epithelial barrier integrity. In 
addition concomitant parameters like occult blood, diarrhea, weight loss and thickened colon 
tissue (Fig. 19-21 and 24 B) improved in ADAM17wt/wt mice. This proliferative regeneration is 
driven by EGFR signaling, which in turn is impaired in hypomorphic ADAM17ex/ex mice 
(Chalaris et al., 2010). Due to impaired regeneration of the intestinal epithelium, as described 
in Chalaris et al., hypomorphic ADAM17ex/ex mice suffered from enhanced injury of the colon, 
clearly visible by traces of blood in the stool and rectal bleeding (Fig. 20) as well as thickened 
colon tissue and significantly shortened colon length (Fig. 24). Disturbed homeostasis and 
dysfunctional digestion was indicated by diarrhea (Fig. 21) and weight loss (Fig. 19) which 
resulted in significantly limited survival (Fig. 23) of hypomorphic ADAM17ex/ex mice during the 
experiments.  
In the context of inflammatory bowel disease (IBD) and chronic inflammation it is well known 
that the intestinal microbiome plays an essential role in the pathogenesis of Crohn´s disease 
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(CD) and Ulcerative colitis (UC) due to enhanced proteolytic activity (Itzkowitz and Harpaz, 
2004, Itzkowitz and Yio, 2004). An NIH program to study the human microbiome has started 
recently because the role of the microbiome is still on debate and requires more information 
(NIH HMP Working Group et al., 2009). Colitis severity induced by DSS-treatment in mice 
has also been shown to depend on the bacterial microflora (Kitajima et al., 2001). 
Interestingly, the microbiome of healthy unchallenged hypomorphic ADAM17ex/ex mice and 
ADAM17wt/wt mice revealed significant differences(Fig. 77; additional results). This could 
additionally contribute to the severe inflammation during DSS-induced colitis, apart from 
impaired EGFR signaling, in hypomorphic ADAM17ex/ex mice. Furthermore, clinical activity 
scores for each genotype were strongly influenced by the ratio of the genotypes co-housed in 
one cage as well as the distribution of littermates and non-littermates. According to these 
results, further research investigating the microbiome of AOM/DSS-treated hypomorphic 
ADAM17ex/ex mice and ADAM17wt/wt mice is warranted. 
In line with the observed severe inflammation, hypomorphic ADAM17ex/ex mice showed 
increased infiltration of immune cells into neoplasia and the surrounding tissue after 
AOM/DSS-treatment (Fig. 25). The infiltration of neoplasia and the surrounding tissue by 
immune cells of the innate immune system and resulting tumor-associated inflammation is a 
well described observation, which paradoxically enhances tumor progression instead of 
preventing it (Dvorak, 1986). The inflammation process contributes to tumor progression by 
providing beneficial soluble components such as growth factors and cytokines to intensify 
proliferation as well as proteases such as matrix-metalloproteases to support invasion 
(Grivennikov et al., 2010). It has been established that neoplasia-infiltrating myeloid cells 
co-expressing the macrophage marker CD11b have an important function in 
inflammation-associated cancer (Qian and Pollard, 2010). Tumor development in the liver is 
linked to inflammation as well as colorectal cancer and it was described recently that 
EGFR-expressing macrophages had a tumor promoting role due to their IL-6 release 
(Lanaya et al., 2014).  
In intestinal cultures of AOM/DSS-treated hypomorphic ADAM17ex/ex mice IL-6 was 
detectable, although without significant differences between genotypes (Fig. 71 A; additional 
results). This observation is in line with similar tumor numbers in AOM/DSS-treated mice of 
both genotypes (Fig. 27). Consistent with the assumption that macrophages are key 
modulators in inflammation-associated intestinal tumorigenesis, the increased amounts of 
the macrophage inflammatory protein-1 ß (MIP-1ß) in intestinal cultures of hypomorphic 
ADAM17ex/ex mice support the hypothesis of their tumor promoting role (Fig. 71 B; additional 
results). Importantly, it was shown that IL-6 signaling, in particular sIL-6R-mediated IL-6 
trans-signaling, is involved in the transformation of M1 to M2 macrophages (Braune et al., 
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2017, Mauer et al., 2014). M2 macrophages are associated with tumor promoting properties, 
while M1 macrophages are thought to be rather anti-tumorigenic (Biswas and Mantovani, 
2010). As a result of the inflammatory response, increased IL-6 serum levels were detectable 
in DSS-treated mice in the recently published experiments of Srivatsa et al. in 2017. 
IL-6-signaling is involved in tumor growth and survival in colitis-associated colorectal cancer 
and plays a pro-tumorigenic role via Jak-dependent STAT3 signaling. Further, IL-6 signaling 
is involved in immune response due to IL-6 release from macrophages under inflammatory 
conditions underlined by enhanced BIRC5 expression in tumor bearing mice (Waldner and 
Neurath, 2014, Srivatsa et al., 2017). Mice subjected to DSS-induced colitis or 
AOM/DSS-induced colitis-associated colon cancer were protected against tumor 
development in case of a myeloid-specific knockout of the EGFR. Consequently, 
macrophages lacking EGFR signaling secreted less IL-6, which in turn led to diminished 
Jak-dependent STAT3 signaling in intestinal epithelial cells (Srivatsa et al., 2017, Hardbower 
et al., 2017). Due to impaired ADAM17-mediated ErbB ligand shedding and the 
pro-tumorigenic role of IL-6, it was assumed that hypomorphic ADAM17ex/ex mice should 
develop less neoplasia compared to ADAM17wt/wt mice during AOM/DSS-induced colitis. 
However, the number of tumors was not significantly altered between both genotypes 
(Fig. 27 A). Even though the number of low grade dysplasia was equal, the size of tumors in 
hypomorphic ADAM17ex/ex mice was surprisingly increased (Fig. 28). Furthermore, 
hypomorphic ADAM17ex/ex mice developed carcinoma, which did not appear in 
ADAM17wt/wt mice (Fig. 27 B). It was described that DSS-treatment induces an inflammatory 
response that promotes loss of heterozygosity (LOH) of APC, which contributes to driver 
mutations and progression of colon cancer development (Vogelstein and Kinzler, 1993, 
Yamada and Mori, 2006, Cooper et al., 2001).  
An explanation for these unexpected findings could be the different inflammation score 
between both genotypes under basal conditions (Fig. 22 and 25). To circumvent the problem 
of an unequal baseline situation, a genetically predisposed cancer model without chemically 
induced chronic inflammation was investigated. To that end, hypomorphic ADAM17ex/ex mice 
were intercrossed with ApcMin/+ mice.  
Although ApcMin/+ mice develop tumors predominantly within the small intestine, it is also a 
well-established mouse model to investigate colon carcinogenesis because it mimics APC 
mutations in human patients (Moser et al., 1990, Groden et al., 1991). No difference in the 
morphology of unaffected small intestinal tissue was observed between hypomorphic 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice. Both genotypes showed normal 
distribution of goblet cells along the crypt-villus-unit, regular localization of Paneth cells at the 
crypt bottom and physiological proliferation within the transit amplifying compartment and the 
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crypt bottom in unaffected tissue (Fig. 36, 37, 41). Furthermore, no difference in the 
inflammation score was observed between genotypes (Fig. 33 and 72; additional results). In 
line with this, organoids generated from hypomorphic ApcMin/+ADAM17ex/ex mice and 
ApcMin/+ADAM17wt/wt mice revealed no morphological differences (Fig. 51). As expected, 
hypomorphic ApcMin/+ADAM17ex/ex mice showed a drastically reduced ADAM17 protein 
expression compared to ApcMin/+ADAM17wt/wt mice which was also observed in the ex vivo 
organoid cultures (Fig. 29 and 53).  
Diminished ADAM17 expression in hypomorphic ApcMin/+ADAM17ex/ex mice led to a 
significantly reduced number of neoplasia and accordingly a significantly reduced number of 
initially generated organoids (Fig. 30 B, 32 and 50). In addition, reduced ADAM17 activity led 
to protection against high grade dysplasia and carcinoma development in ApcMin/+ mice 
(Fig. 34). The considerable differences in proliferation among the two ApcMin/+ mouse strains 
were in line with the reduced tumor progression from low grade dysplasia to carcinoma in 
hypomorphic ApcMin/+ADAM17ex/ex mice (Fig. 41, 42). Interestingly, no differences in the size 
of low grade dysplasia or tumor distribution along the small intestine were observed between 
genotypes (Fig. 30 C, 31 and 35).  
The contrasting results concerning negligible ADAM17 activity in hypomorphic mice and 
carcinoma formation in the AOM/DSS-model and the ApcMin/+ model seemed to be influenced 
by severe inflammation. Under inflammatory conditions, the lack of ADAM17 in hypomorphic 
ADAM17ex/ex mice promoted carcinoma formation due to a still inconclusive mechanism 
(Fig. 27). Vice versa, in a genetically predisposed situation, without additional inflammatory 
trigger, the lack of ADAM17 protected against carcinoma development (Fig. 34). To reveal 
the mechanism behind the protective role of reduced ADAM17 activity under 
non-inflammatory conditions, in vitro analysis of epithelial cells from human colorectal 
cancers as well as ex vivo experiments with organoids were carried out and analysis of 
neoplasia from ApcMin/+ mice. 
Intriguingly, mRNA levels of the ErbB receptor EGFR and the ErbB ligand Amphiregulin were 
significantly upregulated in epithelial human colorectal cancer cells, organoids and neoplasia 
of both ApcMin/+ mouse strains (Fig. 13, 43, 44 and 55). Moreover, enhanced protein 
expression of ADAM17 and EGFR in intestinal epithelial cells were observed in vitro in 
various human colorectal cancer cell lines and ex vivo in organoids of hypomorphic 
ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt control mice (Fig. 15, 16 and 53). Analysis 
of intestinal cultures and small intestinal tissue of hypomorphic ApcMin/+ADAM17ex/ex mice and 
ApcMin/+ADAM17wt/wt mice confirmed Amphiregulin protein expression in both genotypes 
(Fig.  59 A and 60 B). Amphiregulin is a reported substrate of ADAM17 and these first 
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examinations might point to a connection between ADAM17 activity and Amphiregulin 
shedding (Sahin and Blobel, 2007). 
However, analysis of whole small intestinal tissue does not allow any conclusions regarding 
the Amphiregulin-expressing cell type, because besides the intestinal epithelial layer, the 
lamina propria including various immune cells and myofibroblasts together with muscle cells 
is present in whole intestinal tissue lysates. To extend the results obtained from human 
intestinal epithelial colorectal cancer cells to the murine model, ex vivo organoid cultures 
were established (Fig. 10 and 52). Ex vivo organoids allow the investigation of intestinal 
epithelial cells detached from the microenvironment. Strikingly, organoids from hypomorphic 
ApcMin/+ADAM17ex/ex mice revealed significantly decreased shedding of Amphiregulin 
compared to ApcMin/+ADAM17wt/wt organoids showing regular ADAM17 activity (Fig. 61 A). 
These observations were connected directly to ADAM17 activity, since native shedding of a 
second ADAM17 substrate as well as pharmacological ADAM17 inhibition confirmed the 
involvement of ADAM17. Specifically, shedding of the well-known ADAM17 substrate TNFRI 
was significantly diminished in organoids of hypomorphic ApcMin/+ADAM17ex/ex mice 
(Fig. 61 B). Pharmacological inhibition of ADAM17 activity by GW and Marimastat treatment 
led to significantly reduced Amphiregulin shedding in intestinal epithelia cells ex vivo in 
organoids and in vitro in human colorectal cancer cells (Fig. 17, 62 and 68; additional 
results). The results are in accordance with a recent report showing that pharmacological 
inhibition of ADAM17 resulted in reduced numbers of intestinal tumors in ApcMin/+ mice due to 
dysregulated ErbB signaling (Mustafi et al., 2017). 
To assess the physiological relevance of ADAM17-mediated Amphiregulin shedding, 
organoids from hypomorphic ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt control mice 
were cultured without supplemented EGF. It was shown, that exogenous EGF is essential for 
the proliferation of organoid cultures in vitro and is able to stimulate crypt proliferation in vivo 
(Frey and Brent Polk, 2014). Only ApcMin/+ADAM17wt/wt organoids were able to maintain 
proliferation and replaiting efficiency for further passages. Due to diminished Amphiregulin 
shedding, the replaiting efficiency of hypomorphic ApcMin/+ADAM17ex/ex organoids was 
impaired (Fig. 64 and 65). These results indicate that growth stimuli such as EGF or 
Amphiregulin comprise the capability to create a self-sufficient growth niche ex vivo in 
organoid culture systems and confirm that the ADAM17-mediated Amphiregulin shedding 
occurred on intestinal epithelial cells and played a physiological role to maintain proliferation. 
An explanation for the observed effect is the EGFR signaling redundancy due to the variety 
of redundant EGFR ligands (Fig. 5). Both Amphiregulin and EGF can activate the EGFR and 
Amphiregulin is bona fide substrate of ADAM17 (Sahin and Blobel, 2007). The overlapping 
functions of Amphiregulin and EGF stimulating the EGFR signaling pathway explains the 
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replaiting efficiency of ApcMin/+ADAM17wt/wt organoids in contrast of 
ApcMin/+ADAM17ex/ex organoids by ADAM17-mediated Amphiregulin shedding.  
To clarify which signaling pathway contributes to the observed effects ex vivo in organoids 
and in vivo in hypomorphic ApcMin/+ADAM17ex/ex mice, the Notch, the Wnt, the Hippo/YAP and 
the STAT3 signaling pathways were further investigated.  
In vitro experiments investigating the inhibition of ADAM17 in autocrine ErbB 
signaling-depended colorectal cancer cell lines showed reduced proliferation, increased 
apoptosis and diminished MAPK pathway activation, underlining the contribution of 
ADAM17-dependent ErbB signaling in colon cancer development (Dong et al., 1999, 
Merchant et al., 2008). 
To maintain physiological homeostasis and cell differentiation within the intestine, an 
accurate regulation of the Notch signaling pathway is required. During tumorigenesis, 
components of the Notch pathway are dysregulated, leading to an upregulation of Notch 
target genes (Noah and Shroyer, 2013, Nakamura et al., 2007). ADAM17-dependent 
cleavage of the Notch ligand JAG-1 from endothelia cells induced non-canonical Notch 
signaling in colorectal cancer microenvironment thereby supporting tumor development (Lu 
et al., 2013). Therefore it was interesting to see whether Notch target genes are 
transcriptionally altered in intestinal tissue from ApcMin/+ mice compared to control wildtype 
mice. ApcMin/+ mice displayed increased transcription of Notch target genes in whole intestinal 
tissue compared to wildtype which is consistent with the altered morphology and cell 
differentiation shown in Fig. 36 and 37. In whole intestinal tissue of hypomorphic 
ApcMin/+ADAM17ex/ex mice, transcription levels tended to be lower than in 
ApcMin/+ADAM17wt/wt mice, which was confirmed by RNA-Sequencing results. However, 
RNA-Sequencing of tumors revealed no significant difference regarding the Notch signaling 
pathway between both ApcMin/+ mouse strains (Tab. 26-29; additional results). These results 
imply that Notch signaling is upregulated in both ApcMin/+ mouse strains and is not altered in 
tumors of hypomorphic ApcMin/+ADAM17ex/ex mice compared to ApcMin/+ADAM17wt/wt mice.  
Besides the mentioned signaling pathways the c-Met pathway was analyzed as well, as it 
was shown that upregulation of c-Met and HGF contributes to cancer progression in the 
intestine (Di Renzo et al., 1995). However, transcriptional levels of neither c-Met nor HGF 
itself were significantly elevated, nor did target genes of the pathway showed significant 
dysregulation in RNA-Sequencing experiments (Fig. 46 and Tab. 26-29; additional results). 
Consequently, ADAM17-mediated regulation of the c-Met/HGF pathway does not contribute 
predominantly to the observed phenotype (Chalupsky et al., 2013). 
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It can be assumed that additional signaling pathways are involved in colon cancer initiation, 
development and progression in the investigated ApcMin/+ mouse model. Upregulation of 
mRNAs coding for YAP-1 and the corresponding target genes Ctgf and Cyr61 suggests that 
the Hippo/YAP signaling pathway may be involved in dysregulation of proliferation and 
apoptosis. The mRNA levels of these genes were significantly decreased in hypomorphic 
ApcMin/+ADAM17ex/ex mice, which could contribute to the lack of high grade dysplasia and 
carcinoma in this mouse strain (Fig. 49). However, it still remains unclear whether YAP-1 
promotes tumorigenesis directly or rather indirectly by alteration of the microenvironment and 
intestinal niche to promote tumor development (Steinhardt et al., 2008). An influence of the 
microenvironment and intestinal niche on proliferation of intestinal epithelial cells could be 
excluded in organoid cultures as described above. Interestingly, analysis of organoids from 
hypomorphic ApcMin/+ADAM17ex/ex mice revealed altered transcriptional levels of the target 
genes Ctgf and Cyr61 (Fig. 58). In this context, it is worth mentioning that downstream 
signaling events ex vivo in organoids are very vulnerable to variations in culture conditions, 
such as ingredients and stiffness of Matrigel®. Matrigel® is a solubilized basement membrane 
matrix extracted from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma with natural 
variances. Furthermore, it was recently published that the stiffness of Matrigel® influences 
downstream signaling, especially YAP signaling, so activation of YAP signaling had to be 
assessed by additional techniques (Gjorevski et al., 2016). Determination of the cellular 
localization of YAP-1 by IHC as well as the phosphorylation status of YAP-1 could clarify the 
activation of YAP signaling in the future.  
A current publication implicates that loss of APC leads to an upregulation of gp130, YAP-1 
and STAT3 in colon carcinogenesis (Taniguchi et al., 2017). In the intestine of both 
ApcMin/+ mouse strains, upregulation of YAP-1 was found, while transcriptional levels of gp130 
were comparable (Fig. 49 A and 48 C). Surprisingly, the transcriptional levels of BIRC5 (also 
known as Survivin), a well-known STAT3 target gene, were significantly downregulated in the 
intestines and organoids (Fig. 48 D and 57 D). It has previously been published that BIRC5 is 
upregulated in various cancers including breast cancer (Boidot et al., 2008). In this work, 
activation of STAT3 signaling was confirmed on protein level by IHC staining of small 
intestinal tissue from hypomorphic ApcMin/+ADAM17ex/ex mice. STAT3 is localized in the 
cytoplasm and upon activation, the dimerized and phosphorylated protein translocates into 
the nucleus including the transcription of target genes such as BIRC5. STAT3 
immunohistochemistry revealed that a translocation, or in other words activation, of STAT3 
was completely missing in hypomorphic ApcMin/+ADAM17ex/ex mice, even in unaffected tissue 
(Fig. 39).  
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Following the loss of the remaining, non-mutated Apc allele, ApcMin/+ mice exhibit 
constitutively activated Wnt signaling leading to cytoplasmic accumulation of ß-Catenin, as 
shown in Fig. 4. Accumulated ß-Catenin within the cytoplasm confirmed constitutively 
activated Wnt signaling in both ApcMin/+ mouse strains (Fig. 38). No difference in terms of 
cytosolic ß-Catenin between both genotypes was observed (Fig. 73; additional results). In 
line with this result, target genes of the Wnt signaling pathway were significantly upregulated 
in hypomorphic ApcMin/+ADAM17ex/ex mice and ApcMin/+ADAM17wt/wt mice as well as 
organoids, but not significantly altered between both ApcMin/+ mouse strains, except c-Myc 
and Sox9 (Fig. 47 and 56). The transcription factor Sox9 was significantly upregulated in 
hypomorphic ApcMin/+ADAM17ex/ex mice (Fig. 47 E). Previous studies indicate that Sox3, Sox9 
and Sox17 have an inhibitory effect on ß-Catenin-dependent promoters, which could lead to 
decreased transcription of ß-Catenin-TCF/LEF induced genes in hypomorphic 
ApcMin/+ADAM17ex/ex mice (Akiyama et al., 2004, Zorn et al., 1999). Further it was shown that 
Paneth cell differentiation depends on Sox9 (Feng et al., 2013). Surprisingly, the direct Wnt 
target gene c-Myc was significantly downregulated in intestinal tissue and organoids from 
hypomorphic ApcMin/+ADAM17ex/ex mice (Fig. 47 A and 56 A) (He et al., 1998, Fodde, 2002). 
In support of this, RNA-Sequencing of tumors and surrounding intestinal tissue suggested 
that the Wnt signaling pathway was downregulated in hypomorphic ApcMin/+ADAM17ex/ex mice 
(Tab. 26-29; additional results). To gain further insight into downregulation of the Wnt 
signaling in hypomorphic ApcMin/+ADAM17ex/ex mice, deeper analysis of the RNA-Sequencing 
results using more sophisticated bioinformatics tools is necessary. 
It has been published that c-Myc is involved in the crosstalk between Wnt-dependent and 
Wnt-independent signaling pathways such as STAT3 downstream signaling (Hanada et al., 
2006, Rigby et al., 2007, Sansom et al., 2007, Kaiser et al., 2007, Amos-Landgraf et al., 
2007). The important role of c-Myc as a key regulator and mediator during colon cancer was 
demonstrated by deletion of c-Myc to rescue Apc-deficiency (Sansom et al., 2007). 
Consistent with this, c-Myc is downregulated in hypomorphic ApcMin/+ADAM17ex/ex mice, 
although other Wnt target genes are not altered. In addition, STAT3 activation is absent in 
hypomorphic ApcMin/+ADAM17ex/ex mice. Taken together, these results may indicate that a 
crosstalk between Wnt-dependent and Wnt-independent signaling pathways in hypomorphic 
ApcMin/+ADAM17ex/ex mice plays a crucial role during cancer development as well. 
This assumption could be a conceivable explanation for the reduced tumor burden in 
hypomorphic ApcMin/+ADAM17ex/ex mice, as it was published that dysregulated STAT3 
signaling is a prerequisite for the development of solid tumors in colon cancer (Corvinus et 
al., 2005) (Silva, 2004). STAT3 target genes, such as BIRC5, are involved in the inhibition of 
apoptosis and cell cycle regulation and interestingly, c-Myc also represents a STAT3 target 
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gene (Quesnelle et al., 2007). Based on the lack of STAT3 activation and reduced mRNA 
levels of BIRC5 and c-Myc in hypomorphic ApcMin/+ADAM17ex/ex mice, it is plausible that 
ADAM17-activity influences STAT3 signaling via EGFR signaling independent of Janus 
kinases (JAK) (Andl et al., 2004, Darnell et al., 1994). It has been published previously that 
Amphiregulin-dependent EGFR activation leads to JAK-independent induction of STAT3 
signaling. STAT3 can interact directly through its SH2 domain or indirectly through SRC 
proteins with phosphorylated EGFR to forward downstream signaling (David et al., 1996). 
The oncogenic role of EGFR and Amphiregulin is closely linked to the regulation of ErbB 
downstream signaling. In head and neck cancer as well as esophageal cancer, upregulation 
of the ErbB ligand TGF-α, the ErbB receptor EGFR and STAT3 is an early event during 
tumorigenesis and autocrine signaling of the ErbB ligand through the EGFR receptor leading 
to constitutive activation of STAT3 and tumor progression (Song and Grandis, 2000).  
Reduced ADAM17-activity in vitro, ex vivo and in vivo resulted in diminished Amphiregulin 
shedding, EGFR activation as well as STAT3 downstream signaling and finally led to 
protection against carcinoma development. Additionally, it has been reported that 
Amphiregulin-induced EGFR activation increases MMP2 and MMP9 expression, which could 
contribute to tumor progression from dysplasia to carcinoma due to altered extracellular 
matrix composition and support cell invasion, a typical hallmark of cancer (Kondapaka et al., 
1997). In this context it would be worthy to study if the development of carcinoma is 
time- and age-dependent. All ApcMin/+ mice used in this work were scarified at the age of six 
months and it would be interesting to analyze neoplasia from ApcMin/+ mice older than six 
months for tumor staging.  
Intestinal epithelial cells in organoid cultures of both genotypes express STAT3 proteins at 
comparable levels, however, the amount of phosphorylated STAT3 is slightly enhanced in 
ApcMin/+ADAM17wt/wt organoids compared to hypomorphic organoids, which were shown to 
exhibit negligible ADAM17-activity and reduced Amphiregulin shedding (Fig. 74; additional 
results). This observation can be translated to the presented results regarding autocrine or 
paracrine signaling of the ErbB ligand Amphiregulin through the EGFR receptor in intestinal 
epithelial cells. In epithelial tissues, EGFR signaling can be activated by ErbB ligands either 
in an autocrine or paracrine manner (Harris et al., 2003). In the paracrine mode the soluble 
ligand is released by one cell and acts on adjacent cells or on cells in the close proximity. In 
autocrine EGFR signaling ErbB ligand binds to the ErbB receptor on the same cell they were 
produced. 
However, it is unlikely that ADAM17-mediated Amphiregulin shedding and subsequent EGFR 
activation as well as STAT3 downstream signaling is involved in each step of colon 
carcinogenesis and represent the sole driving force behind tumorigenesis (Fig. 3). Moreover, 
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ApcMin/+ mice crossed with IL-6-/- knockout mice showed a reduced tumor burden as well as 
ApcMin/+ mice crossed with sgp130Fc-tg mice (Tracy Putoczki, Matthias Ernst, unpublished 
data). The sgp130Fc-tg mice overexpress the soluble gp130Fc protein as a transgene, which 
blocks IL-6 trans-signaling without affecting IL-6 classic signaling, under the control of a liver 
specific promoter (Jostock et al., 2001, Rabe et al., 2008). Nevertheless, EGFR signaling 
plays a crucial role in promoting proliferation and forwarding growth signals for tumor 
initiation, development and progression, even in the ApcMin/+ mouse model, shown by 
Roberts et al. in 2002. In that study ApcMin/+ mice were crossed to hypomorphic EGFR mice, 
which possess 90 % reduced kinase activity resulting in reduced tumor burden in 
hypomorphic ApcMin/+Egfrwa2 mice. The observations of Roberts et al. are in accordance with 
the results observed in hypomorphic ApcMin/+ADAM17ex/ex mice shown in this thesis (Luetteke 
et al., 1994, Roberts et al., 2002). 
Analysis of cell type specific ADAM17-deficient mice is required to assess the source of 
participating cells in ADAM17-dependent ErbB signaling during tumor initiation as well as 
progression. This could be investigated with the help of ApcMin/+ADAM17flox/floxvillin cre+/- mice, 
to investigate the influence of ADAM17-deletion in intestinal epithelial cells, 
ApcMin/+ADAM17flox/floxLysM cre+/- mice, to assess the influence of ADAM17-deletion in 
myeloid cells or ApcMin/+ADAM17flox/floxMyh11-eGFP cre+/- mice, with a deletion of ADAM17 
only in myofibroblasts. Recent studies revealed tumor-associated fibroblast as the main 
source of Epiregulin during colitis-associated colorectal cancer, with Epiregulin being a 
well-known ADAM17 substrate (Neufert et al., 2013). To assess the overall survival of Apc 
mutant mice in this context, Apcflox/floxEGFRflox/floxvillin creER(T2) mice, 
Apcflox/floxADAM17flox/floxvillin creER(T2)  mice and Apcflox/floxvillin creER(T2) mice will be worth 
analyze. These mice develop tumors within 30 days due to Tamoxifen-induced Apc deletion. 
The presented results indicate that several signaling pathways and cell types are involved in 
tumor development. In this thesis, multiple signaling pathways were connected successfully 
to tumorigenesis. Crosstalk between different signaling pathways could be established as an 
important key factor in tumorigenesis. However, involvement of multiple signaling pathways 
did not allow the precise identification of individual contribution to the observed phenotype. 
The result presented in this thesis may serve as an essential basis for further research in this 
field. 
The relevance of ADAM17 as a potential link in the ADAM17-AREG-EGFR axis during colon 
cancer development appears to be important as well as the contribution of 
IL-6 trans-signaling. However, clinical use of ADAM17 inhibitors is currently not an option 
due to the complex substrate spectrum of ADAM17 (Scheller et al., 2011). The development 
of sophisticated ADAM17 inhibitors for clinical use is a central task of current research. The 
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application of EGFR inhibitors in colon cancer therapy is restricted as well because EGFR 
downstream signaling mutations in for example KRAS or BRAF abrogate the therapeutic 
effect of EGFR blocking antibodies such as cetuximab (Van Emburgh et al., 2014, Arteaga 
and Engelman, 2014). In order to overcome these clinical problems, a novel therapeutic 
strategy for the treatment of colon carcinogenesis could be the application of sgp130Fc 
(Olamkicept), an inhibitory protein, which interacts specifically with the soluble IL-6R to 





A) ADDITIONAL RESULTS  
 
 
Fig. 66: Representative images of tissue from unchallenged ADAM17wt/wt and hypomorphic 
ADAM17ex/ex mice.  
Small intestine and colon tissue from 24-week-old ADAM17wt/wt (n=1) and ADAM17ex/ex (n=1) mice 
were used for histological analysis. Representative images of (A) Matrix metalloproteinase 7 (MMP7) 
as Paneth cell marker and (B) Mucin 2 (Muc2) as marker for goblet cells showed no difference in 
morphology or differentiation for indicated cell types within the intestine. 
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Fig. 67: Representative images of organoids from ADAM17wt/wt mice and hypomorphic 
ADAM17ex/ex mice.  
Primary organoids isolated from the small intestine of 24-week-old ADAM17wt/wt (n=4) and 
ADAM17ex/ex (n=4) mice. (A) Representative images of 3D organoid culture per well and (B) 
magnification of single organoids with characteristic structures. Immunofluorescence analysis of 
organoids stained for (C) Mucin 2 (Muc2) as goblet cell marker and (D) Matrix metalloproteinase 7 





Fig. 68: Inhibition of ADAM17 leads to decreased Amphiregulin shedding in human colorectal 
cancer cells.  
Indicated cell lines were seeded at a density of 3.0 x 106 cells and starved for 24 h in presence or 
absence of the pan-metalloprotease inhibitor MM (Marimastat, 10 µM), the metalloprotease inhibitors 
GI (GI254023X, ADAM10-selective, 3 µM) and GW (GW280264X, ADAM10- and ADAM17-selective, 
3 µM) or the EGFR and ErbB2 kinase inhibitor AG1478 (10 µM). EGF (100 ng/ml) stimulated cells 
served as positive control. (A, C, E, G) Tyrosine-phosphorylated EGFR was assessed by Western blot 
analysis using a monoclonal anti-pEGFR Tyr1068 (#3777) antibody and EGFR was assessed by 
Western blot analysis using a anti-EGFR (#4267) antibody. (B, D, F, H) Soluble Amphiregulin was 
measured by ELISA in the conditioned media of indicated cell lines. 
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Fig. 69: qRT-PCR analysis of IL-6 and IL-6R in human CRC cells. 
qRT-PCR analysis revealed elevated amounts of IL-6 and IL-6R in indicated human colorectal cancer 
cells. qRT-PCR data were normalized to GAPDH. 
 
 
Fig. 70: qRT-PCR analysis of epidermal growth factor receptors and corresponding ligands in 
colon tissue from AOM/DSS-treated ADAM17wt/wt mice.  
mRNA expression of EGF receptors and selected EGFR ligands of distal colonic tumor (T) and 




Fig. 71: Levels of soluble proteins in colon cultures from AOM/DSS-treated hypomorphic 
ADAM17ex/ex mice. 
Tissue pieces from the colon of each mouse were washed with PBS containing Pen/Strep and 
incubated in DMEM medium at 37°C for 24 h. Supernatants were harvested and measured by ELISA 




Fig. 72: Serum levels of sIL-6 and sIL-6R in hypomorphic ApcMin/+ADAM17ex/ex mice.  
Serum samples from 6-month-old mice were analyzed for (A) IL-6 and (B) soluble IL-6R. 





Fig. 73: Quantification of ß-Catenin stained tissue from hypomorphic ApcMin/+ADAM17wt/wt mice 
and ApcMin/+ADAM17ex/ex mice.  
Small intestine from 24-week-old ApcMin/+ADAM17wt/wt mice and ApcMin/+ADAM17ex/ex mice was used in 
IHC for analysis (Fig.  37) of ß-Catenin positive cell proliferation. Quantification of ß-Catenin positive 




Fig. 74: STAT3 and pSTAT3 protein expression in organoids.  
Indicated organoids were lysed and 50 µg of total protein were analyzed. Protein expression was 




Fig. 75: EGFR protein expression in organoids.  
Indicated organoids were lysed and 50 µg of total protein were analyzed. Protein expression was 




Fig. 76: Cell viability assay from organoids of hypomorphic ApcMin/+ADAM17ex/ex mice. 
Organoids were cultured in APC tumor medium with and without EGF and supplemented as indicated 
in Tab. 7 with recombinant proteins. The cell viability assays were performed as described in 
subchapter 2.3.6 in three independent experiments (n=3). 2way ANOVA with Bonferroni posttest 
p > 0.05. 
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Fig. 77: Microbiome analysis of unchallenged ADAM17wt/wt mice, ADAM17wt/ex mice and 
hypomorphic ADAM17ex/ex mice.  
Each genotype of mice was co-housed separately for four weeks and feces were collected. (A) 
Multidimensional scaling revealed distinct clustering between genotypes, (B) Operational taxonomic 
unit (OUT) abundance, (C-D) Significant changes in family and genera level between genotypes. 
Analysis in cooperation with Ateequr Rehman from the Institute of Clinical Molecular Biology (IKMB) 
Kiel. ADAM17wt/wt mice (n=10), ADAM17wt/ex mice (n=10) h ypomorphic ADAM17ex/ex mice (n=12) 
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Tab. 25: RNA-Sequencing: Significant downregulated pathways in intestinal neoplasia of 


















0,0000 -4,8670 0,0000 0,0001 199 0,0000 
3 
mmu04340 
Hedgehog signaling pathway 
0,0002 -3,6835 0,0002 0,0101 54 0,0002 
4 
mmu04974 
Protein digestion and absorption 




0,0004 -3,3978 0,0004 0,0130 97 0,0004 
6 
mmu04310 
Wnt signaling pathway 








0,0032 -2,7782 0,0032 0,0654 60 0,0032 
9 
mmu00590 
Arachidonic acid metabolism 








0,0076 -2,4509 0,0076 0,1136 100 0,0076 
12 
mmu00072 
Synthesis and degradation of ketone bodies 
0,0230 -2,1515 0,0230 0,2721 10 0,0230 
13 
mmu04350 
TGF-beta signaling pathway 




0,0247 -2,0266 0,0247 0,2721 23 0,0247 
15 
mmu04975 
Fat digestion and absorption 
0,0260 -1,9767 0,0260 0,2721 45 0,0260 
16 
mmu00900 
Terpenoid backbone biosynthesis 








0,0326 -1,8579 0,0326 0,2721 80 0,0326 
19 
mmu00592 
alpha-Linolenic acid metabolism 
0,0334 -1,9106 0,0334 0,2721 20 0,0334 
20 
mmu00565 
Ether lipid metabolism 








0,0380 -1,7926 0,0380 0,2835 51 0,0380 
23 
mmu04610 
Complement and coagulation cascades 
0,0491 -1,6676 0,0491 0,3500 75 0,0491 
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Tab. 26: RNA-Sequencing: Significant upregulated pathways in intestinal neoplasia of 













Intestinal immune network for IgA production 




0,0000 4,6479 0,0000 0,0009 35 0,0000 
3 
mmu04660 
T cell receptor signaling pathway 
0,0000 4,1747 0,0000 0,0012 107 0,0000 
4 
mmu04650 
Natural killer cell mediated cytotoxicity 
0,0001 3,8547 0,0001 0,0032 107 0,0001 
5 
mmu04662 
B cell receptor signaling pathway 
















0,0007 3,2433 0,0007 0,0125 149 0,0007 
10 
mmu04612 
Antigen processing and presentation 




0,0012 3,0766 0,0012 0,0175 121 0,0012 
12 
mmu03410 
Base excision repair 




0,0025 2,8743 0,0025 0,0320 66 0,0025 
14 
mmu03420 
Nucleotide excision repair 
0,0033 2,8064 0,0033 0,0391 42 0,0033 
15 
mmu04622 
RIG-I-like receptor signaling pathway 




0,0065 2,5062 0,0065 0,0662 115 0,0065 
17 
mmu03008 
Ribosome biogenesis in eukaryotes 
0,0072 2,4891 0,0072 0,0693 73 0,0072 
18 
mmu04620 
Toll-like receptor signaling pathway 
0,0079 2,4370 0,0079 0,0716 97 0,0079 
19 
mmu04120 
Ubiquitin mediated proteolysis 
0,0111 2,3069 0,0111 0,0956 132 0,0111 
20 
mmu04666 
Fc gamma R-mediated phagocytosis 




0,0213 2,0477 0,0213 0,1660 72 0,0213 
22 
mmu04070 
Phosphatidylinositol signaling system 
0,0260 1,9597 0,0260 0,1940 75 0,0260 
23 
mmu03015 
mRNA surveillance pathway 
0,0398 1,7659 0,0398 0,2813 82 0,0398 
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24 mmu04722 
Neurotrophin signaling pathway 








0,0476 1,6789 0,0476 0,2944 84 0,0476 
27 
mmu00983 
Drug metabolism - other enzymes 
0,0485 1,6748 0,0485 0,2944 54 0,0485 
 
Tab. 27: RNA-Sequencing: Significant downregulated pathways in intestinal tissue of 


















0,0000 -4,8539 0,0000 0,0001 86 0,0000 
3 
mmu04810 
Regulation of actin cytoskeleton 
0,0000 -4,1894 0,0000 0,0009 212 0,0000 
4 
mmu04010 
MAPK signaling pathway 




0,0003 -3,4490 0,0003 0,0093 156 0,0003 
6 
mmu04310 
Wnt signaling pathway 








0,0005 -3,3072 0,0005 0,0111 128 0,0005 
9 
mmu04670 
Leukocyte transendothelial migration 
0,0015 -2,9910 0,0015 0,0281 118 0,0015 
10 
mmu04270 
Vascular smooth muscle contraction 
0,0019 -2,9311 0,0019 0,0295 116 0,0019 
11 
mmu04350 
TGF-beta signaling pathway 
0,0020 -2,9239 0,0020 0,0295 83 0,0020 
12 
mmu04630 
Jak-STAT signaling pathway 
0,0028 -2,7894 0,0028 0,0385 147 0,0028 
13 
mmu04664 
Fc epsilon RI signaling pathway 
0,0040 -2,6913 0,0040 0,0499 78 0,0040 
14 
mmu04062 
Chemokine signaling pathway 








0,0052 -2,5923 0,0052 0,0532 84 0,0052 
17 
mmu04640 
Hematopoietic cell lineage 




















0,0073 -2,4523 0,0073 0,0666 207 0,0073 
19 
mmu04610 
Complement and coagulation cascades 
0,0098 -2,3650 0,0098 0,0847 75 0,0098 
20 
mmu00565 
Ether lipid metabolism 
0,0111 -2,3381 0,0111 0,0876 36 0,0111 
21 
mmu04370 
VEGF signaling pathway 
0,0119 -2,2829 0,0119 0,0876 75 0,0119 
22 
mmu04340 
Hedgehog signaling pathway 
0,0120 -2,2892 0,0120 0,0876 54 0,0120 
23 
mmu04660 
T cell receptor signaling pathway 












0,0255 -1,9729 0,0255 0,1609 60 0,0255 
27 
mmu04514 
Cell adhesion molecules (CAMs) 
0,0291 -1,9021 0,0291 0,1756 139 0,0291 
28 
mmu00900 
Terpenoid backbone biosynthesis 
0,0300 -1,9743 0,0300 0,1756 14 0,0300 
29 
mmu04330 
Notch signaling pathway 
0,0336 -1,8518 0,0336 0,1902 49 0,0336 
30 
mmu04912 
GnRH signaling pathway 




0,0416 -1,7425 0,0416 0,2163 116 0,0416 
32 
mmu04666 
Fc gamma R-mediated phagocytosis 
0,0429 -1,7277 0,0429 0,2163 86 0,0429 
33 
mmu04620 
Toll-like receptor signaling pathway 
0,0435 -1,7201 0,0435 0,2163 97 0,0435 
 
Tab. 28: RNA-Sequencing: Significant upregulated pathways in intestinal tissue of 













Metabolism of xenobiotics by cytochrome P450 
0,0000 4,8972 0,0000 0,0003 72 0,0000 
2 
mmu00982 
Drug metabolism - cytochrome P450 




0,0000 4,5705 0,0000 0,0003 72 0,0000 
4 
mmu00983 
Drug metabolism - other enzymes 
0,0000 4,2423 0,0000 0,0010 54 0,0000 
5 
mmu00020 
Citrate cycle (TCA cycle) 








Fatty acid metabolism 
0,0016 3,0316 0,0016 0,0375 46 0,0016 
8 
mmu00280 
Valine, leucine and isoleucine degradation 
0,0031 2,8033 0,0031 0,0631 48 0,0031 
9 
mmu00040 
Pentose and glucuronate interconversions 
0,0056 2,6241 0,0056 0,1026 29 0,0056 
10 
mmu00140 
Steroid hormone biosynthesis 
0,0097 2,3870 0,0097 0,1458 50 0,0097 
11 
mmu00630 
Glyoxylate and dicarboxylate metabolism 




0,0112 2,3493 0,0112 0,1458 31 0,0112 
13 
mmu00500 
Starch and sucrose metabolism 
0,0116 2,3190 0,0116 0,1458 42 0,0116 
14 
mmu00053 
Ascorbate and aldarate metabolism 
0,0175 2,1854 0,0175 0,1931 23 0,0175 
15 
mmu04977 
Vitamin digestion and absorption 
















0,0311 1,8911 0,0311 0,2685 50 0,0311 
20 
mmu00860 
Porphyrin and chlorophyll metabolism 




0,0425 1,7771 0,0425 0,3308 17 0,0425 
22 
mmu04141 
Protein processing in endoplasmic reticulum 








B) MOUSE STRAINS 
 
ADAM17flox/flox BALB/C MICE 
 
During this thesis, the commercial available Adam17tm1.2Bbl/J mice (Jackson Laboratory; 
#009597), homozygous with a loxP site and frt site upstream of exon 2 and a second loxP 
site downstream of exon 2 of the Adam17 gene, were backcrossed (< N10) to BALB/c mice 
(Charles River; #028). 
The floxed ADAM17 allele was characterized by ADAM17flox/flox Genotyping-PCR (Tab. 29) 
Tab. 29: Layout ADAM17flox/flox Genotyping-PCR. 
 
1x mix ADAM17flox/flox PCR 
10x Puffer DreamTaq 2.0 µl 
dNTP-Mix [10 mM] 1.0 µl 
MgCl2 [25 mM] 1.0 µl 
Primer 9041 [1:10] 2.0 µl 
Primer 9218 [1:10] 2.0 µl 
Primer 9219 [1:10] 2.0 µl 
DreamTaq Polymerase 0.1 µl 
H2O 8.9 µl 
gDNA 2.0 µl 




temperature [°C] time [sek] cycles 
94 180 1 x 
94 30 
35 x 58 30 
72 30 




Primer A17ff_9218: 5´-TGG GGA AGC AAA GTT GTA GG-3´ (common) 
Primer A17ff_9219: 5´-TCT CTG GAC CCC TTC TTC CT-3´ (wildtype) 
Primer A17ff_9041: 5´- CTT CGT ATA ATG TAT GCT ATA CG-3´ (mutant) 
 
The ADAM17 wildtype allele was visualized via agarose gel electrophoresis by a PCR 
product of 218 bp while the heterozygous ADAM17flox/+ was determined by PCR products of 










Fig. 78: Genotyping-PCR for ADAM17flox/flox mice. 
 
DNA extracted from tail biopsies was used for PCR. 6x DNA 
loading dye was added to the samples. Up next, separation via 
agarose gel electrophoresis with 2 % agarose in 0.5 % TBE 
buffer including ethidium bromide was performed. The PCR 
from homozygous ADAM17flox/flox mice showed a result at a size 
of 120 bp, from heterozygous ADAM17wt/flox mice a size of 
120 bp and 218 bp and from wildtype ADAM17wt/wt mice a size 




ADAM17flox/flox VILLIN CRE+/- MICE 
 
During this doctoral thesis, a conditional knockout mice, so-called 
ADAM17flox/flox villin cre+/ mice, with a tissue specific deletion of ADAM17 in intestinal epithelial 
cells of the small intestine and colon was generated additionally. The commercially available 
B6.SJL-Tg(Vil-cre)997Gum/J mice (Jackson Laboratory; #004586), heterozygous for a 
transgene containing the coding domain of cre recombinase driven by the murine villin 1 
promoter, were crossbred with the commercially available Adam17tm1.2Bbl/J mice (Jackson 
Laboratory; #009597), homozygous with a loxP site and frt site upstream of exon 2 and a 
second loxP site downstream of exon 2 of the Adam17 gene. Both strains were backcrossed 
to C57BL/6J. This results in excision of exon 2 of the Adam17 gene which leads to the lack 
of ADAM17 protein expression in intestinal epithelial cells. Intestinal epithelial cell-specific 
ADAM17-deficiency does not induce any obvious phenotype and mice were bred normally at 
a usual Mendelian ratio. 
The floxed ADAM17 allele was characterized by ADAM17flox/flox Genotyping-PCR (Tab. 29) 
and visualized via agarose gel electrophoresis at a size of 120 bp (Fig. 78 A). The 
heterozygous villin cre+/- allele was characterized by villin cre+/- Genotyping-PCR (Tab. 30) 
via agarose gel electrophoresis by a PCR product of 1,000 bp (Fig. 78 B). The villin cre+/- 
Genotyping-PCR cannot distinguish homozygous from heterozygous transgenic mice. 
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Tab. 30: Layout villin cre+/- Genotyping-PCR. 
 
1x mix villin cre+/- PCR 
10x Puffer DreamTaq 2.0 µl 
dNTP-Mix [10 mM] 1.0 µl 
Primer vc_for [1:10]  1.0 µl 
Primer vc_rev [1:10]  1.0 µl 
DreamTaq-Polymerase 0.1 µl 
H2O 12.9 µl 
gDNA 2.0 µl 
 20.0 µl 
 
 
temperature [°C] time [sek] cycles 
94 180 1 x 
94 30 
35 x 62 60 
72 90 




Primer vc_for: 5-´GTG TGG GAC AGA GAA CAA ACC-3´ 
Primer vc_rev: 5-´ACA TCT TCA GGT TCT GCG GG-3´ 
 
 
Fig. 79: Genotyping-PCR for ADAM17flox/flox villin cre+/- mice.  
DNA extracted from tail biopsies was used for PCR. 6x DNA loading dye was added to the samples. 
Up next, separation via agarose gel electrophoresis with 2 % agarose in 0.5 % TBE buffer including 
ethidium bromide was performed. The PCR from homozygous ADAM17flox/flox mice showed a result at 
a size of 120 bp. The PCR product from heterozygous villin cre+/- mice has a size of 1,000 bp.  
 
To confirm the successful deletion of full length ADAM17 within intestinal epithelial cells, 
isolated crypts (see subchapter 2.3.1) from ADAM17flox/flox villin cre+/- mice were checked for 




Fig. 80: Western blot of isolated crypts from ADAM17flox/floxvillin cre+/- mice.  
Crypts of indicated mice were isolated, lysed and concentrated via Concanavalin A precipitation. 
Western blot analysis for ADAM17 revealed normal levels of ADAM17 protein in ADAM17flox/floxvillin 
cre+/+ mice (n=4). ADAM17 was not detectable in crypts isolated from ADAM17flox/floxvillin cre+/- (n=4) 
mice, which lack ADAM17 in the intestinal epithelium. Meprinß serves as loading control.  
 
The intestinal epithelial cells from conditional ADAM17flox/flox villin cre+/- knockout mice showed 
a lack of ADAM17 expression, whereas control ADAM17flox/flox villin cre+/+ mice still expressed 
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